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PREFACE 


The compilers oi the present handbook, М. 1. Koshkin and 
M. G. Shirkevich, are experienced Soviet teachers. 

The handbook covers all the main subjects of elementary 
physics and contains information most frequently required in 
industry and agriculture. 

Special attention has been paid to the choice of data on the 
latest developments in physics, such as semiconductors, ferro- 
electrics, nuclear physics, etc. 

In addition to graphs and tables the book offers brief theo- 
retical expositions, definitions of fundamental concepts and 
formulations of laws accompanied by explanations and exam- 
ples. 

The handbook is intended for wide circles of readers in var- 


ious occupations, and for students with a background of sec- 
ondary school physics. 
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b Mig nest 

Most of the tables are arranged incalbhabefical-order. Some, 
however, are arranged in the order of increasing or decreasing 
values of the tabulated quantity. 

The numerical values of the quantities are given to two or 
ant figures after the decimal point, which is suf- 


three signific 
nical calculations. 


ficiently precise for most tech 


The number of figures given a Y 
in the tables. This is due to the circumstance that sorie sub- 


stances can be obtained in the pure form, whereas others are 
complicated mixtures of substances. For example, the density 
of platinum is given to four significant figures: 21.46, whereas 
that of brass is given to within three units of the second sig- 
nificant figure: 8.4-8.7, since the density of brass varies within 
these limits depending on the composition of the given specimen 

If the heading of a column in a table contains a factor, such 
as 10", this denotes that the values of the quantity in that col- 
umn have been increased 10” times; hence, to find the true 
values one must divide the values given in the table by this 
factor. For example, in the heading of the last column in Table 
18: "Compressibility of liquids at different temperatures” (p. 44) 
the compressibility р has been multiplied by 109 (B x 10% atm !). 
Thus, the compressibility of acetone, according to this table, 
is 111X1075 atm7?. 

The notes to the tables give the conditions for which {Ке 
values of the tabulated quantities are valid (її these conditions 
are not indicated in the heading of the table), as well as addi- 


tional information on how to use the tables, etc. 


iter the decimal point varies 
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If the physical significance of the tabulated quantity is not 
quite clear to the reader, he should refer to the relevant section: 
"Fundamental Concepts and Laws". This can be found with the 
help of the table of contents or the index at the end of the book. 
The appendices contain information on the units of measure 
of physical quantities, formulas for approximate calculations, 
and the values of some universal physical constants. 


CHAPTER I 
MECHANICS 


‚‚ When a body changes its position relative to other bodies 
it is said to be in mechanical motion. A change in the position 
of a body relative to other bodies is determined by a change in 
the distance between the points of the bodies. The unit of dis- 
tance is the meter (m). 

The meter is defined as a length equal to 1,650,763.73 
wavelengths in vacuo of the orange radiation of krypton-86. 

The unit of time is the second*, defined as 1/31,556,925.9747 
part of the tropical year 1900 (for uniformly passing time). 


A. KINEMATICS 
FUNDAMENTAL CONCEPTS AND LAWS 


Kinematics is the study of the motion of bodies without re- 
gard to the cause of that motion. 

The simplest moving body is a point mass, defined as a body 
Whose dimensions can be neglected in describing its motion. 
For example, the annual motion of the earth about the sun 
can be regarded as the motion of a point mass, whereas the daily 
revolution of the earth about its axis cannot. 

Every solid body can be regarded as a system of rigidly bound 
Point masses. The path described by a moving body is called 
a trajectory. 

According to the form 
tween rectilinear motion (t 
curvilinear motion (the traj 
guish between uniform and 


———————— 


of the trajectory we distinguish be- 
he trajectory is a straight line) and 
ectory is a curve). We also distin- 
non-uniform motion. 


* The second is more precisely defined by the U.S.S.R. State 


Standard GOST 9867-61. 
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1. Rectilinear Motion 
Uniform motion is defined as motion in which a body trav- 
erses equal. distances in equal time intervals. Uniform motion 
is characterised by its velocity. The velocity о) uniform motion 
(о) is defined as the distance (s) traversed in unit time (4): 


s—vt. (151) 


Velocity is a vector quantity. It is characterised by mag- 
nitude and direction in space. The addition (composition) of 
velocities is performed according to the parallelogram law 
(addition of vectors). The units of velocity are: cm/sec, m/sec, 
km/sec, km/hour. 

In non-uniform motion we differentiate between instan- 
taneous and average velocity. 


If a body passes over a distance As in the time interval from 
to to tot At. then 


As 
ЫС 


is defined as the average velocity fcr the time interval Aż. In 

other words, if the body were moving uniformly with velocity 

Vav, it would cover the distance As in the time At. The instanta- 

neous velocity at а given moment to is defined as the limit of 
the ratio: 

9, = lim As 2 

* Mo At 

Motion in which the velocit 

equal time intervals is c 

of change of the velocity 


y receives equal increments in 
'alled uniformly accelerated. The rate 
is called the acceleration (a): 


Ut — U, 
дес DESI 


where ор is the velocity at the time ¢ and v 


initial time fọ. Acceleration is also a vector quantity. The units 
of acceleration are: cm/sec?, m/sec?, km/sec?, 


Joe velocity at any given moment is determined by the for- 
mula: 


o is the velocity at the 


2-20--а!, (1,2) 
where vy is the initial velocity. 
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" The acceleration may be positive (accelerated motion) or nega- 
live (decelerated motion). > 
The distance traversed in uniformly accelerated motion 


is given by the formula: 


pesi. (1,3) 


The terminal velocity in uniformly accelerated motion is 
determined by the initial velocity, the acceleration and the 


distance traversed: 
+2as (1,4) 


The motion of freely falling bodies is an example of recti- 
linear motion with constant acceleration. If we denote the 
height from which the body falls (vp=0) by A, and the accelera- 
боп of free fall by g, then 


w 


n=. 


2. Rotational Motion 


The circular motion of a point about an axis is defined as mo- 
tion in which the trajectory is a circle whose centre is on the 
axis and whose plane is perpendicular to the axis. The rota- 
tional motion of a body about an axis is defined as motion in 
which all the points of the body describe circular motion about 
this axis. 5 3 

Uniform rotation is motion, i auen a body turns through 
e in equal time intervals. А t 

The шеш (о) of uniform rotation is defined as the 
angle swept out in unit time: 


(1,5) 


where q, measured in radians, is the angle through which the 
body turns in a time /. The unit of angular velocity is the ra- 
dian per second (rad/sec). The angular velocity may also be 
expressed in terms of the number of revolutions in unit time п, 
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or the period of revolution 7: 


@=2nn, (1 ,6a) 
2 
=. (1,6) 


The linear velocity ої a point in rotational motion is defined 
as the instantaneous velocity cf the point. Its direction is tan- 
gent to the trajectory. The angular velocity œ is related to the 
linear velocity о by the formula: 


v=oR, (1,7) 


where R is the distance from the point to the axis of rotation. 
In the case of non-uniform rotation we distinguish between 
instantaneous and average angular velocities. If the body has 
turned through an angle Aq in a time from to to fg4- At, then the 
average angular velocity (Way) for the time Af is defined as 
Аф 
ui mA Ы 
The limit of this ratio is, b 


y definition, the instantaneous angu- 
lar velocity 


6, = lim Ap 
"o Ato At 


Rotational motion in which the angular velocity receives 


equal increments in equal time intervals is called uniformly 
accelerated. 


The angulur acceleration 


1 of uniformly accelerated rotation 
(j) is defined as the rate of 


change of the angular velocity: 

; o O0:—0 

je, 

where o, is the angular velocity at the time 7, and Фа is the ini- 

tial angular velocity: 

9 — 6, 4 jt. (1,8) 
In uniformly accelerated rotation the li 

any point of the body varies both in 

The change in magnitude of the lin 

by the tangential acceleration: 


linear velocity v of 
magnitude and in direction. 
ear velocity is characterised 


[ formula: 

| However, even when a body is i aiform, rotation the’points 
of the body are in accelerated motion or thesdirection of their 

| velocity is continually changing. 
is directed towards the axis of rotation (i. e 
to the direction of the linear velocity) an 
centripetal acceleration: 


а= (1,10а) 
ог 
a, = 62, (1,100) 


elocity, ө--іһе angular velocity, and 
t from the axis of rotation. 
y in uniform rotation is 


where v is the linear ve^ 0 
| R—the radial distance of the poin 
The total acceleration of a point of a bod 


a=V atat (1,1) 


3. Motion ої Bodies in the Earth's Gravitational Field 
Fig. 1 illustrates the trajectories of bodies which are proj- 
vetet irom noit A near the surface of the earth with different 
velocities*. In all cases the velocity is directed horizontally. 
The trajectory is a circle if the velocity of the body v at point A 
is such that the acceleration of free fall g is equal to the centrip- 
etal acceleration 5 (R is the radius of the trajectory, which 
| can be taken equal to the radius of the earth). Hence 
| v = V Rg 7.93 km/sec. 


the body at point A is greater than 7. 
11.2 km/sec, then the trajectory is an 
Шірзе nearer to the point of departu 


If the velocity of 
sec but less than 
the focus of the e 


малася B. is neglected. 
(Ri 2605 
Duo... 16:4) 4002... 


Ds; ii 
oint 
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А) lies at the centre of the earth. 
4 (This ellipse is depicted by a solid 
line in Fig. 1). Ii the velocity of 


Ж. the body equals 11.2 km/ sec, ihen 
2 pee, the trajectory is a parabola. li 


pM T the initial velocity is greater 
22 than 11.2 km/sec, then the trajec- 
tory becomes a hyperbola. Inthe 
last two cases the body leaves 
he earth and goes off into inter- 
planetary space. The least veloc- 
Шр Trajeetories of bodies ity required for a body to leave 
in the earth's gravitational the earth is sometimes called the 
field. escape velocity. The path of a body 
moving with velocity less than 
7.93 km/sec represents an arc of an ellipse (dotted line in 
Fig. 1) whose distant focus coincides with the centre of the earth. 
If the velocity is much less 
than 7.93 m/sec the path 
may be regarded as parabolic, 
and the acceleration of free 
fall may be considered constant 
in magnitude and direction. 
Ша body is projected from 
the surface of the earth at an 
angle œ with the horizontal, 
with an initial velocity o, 


i Fig. 2. Trajectories of bodies 
celeration of free fall may be projected from the surface of the 


S 4 П earth with velocity v,— 550. m/sec. 
tude and direction, while the Curve 1- ап е of projection 


urfac f ®=20°, curve 1I —angle of pro- 
snerage of Ше = шау Бе jection ®=70°, curve 7/] — angle 

‹ Je trajecto- оў Projection &—20?, with air re- 
Ty will then be a Parabola 


sistance taken into account. 
(Fig. 2). The Tange (S) and 
(А) are calculated by the formulas: 


02 ei u? eina 
——— plie, (1,12) 


where o is the initial velocity of the body. 


Therange will be the same for two values of the angle of 
projection: z, and X», where ®›=90°—о.. 


к.а Y, V.B. LIRARE 
Baia J ^ elm e 
heen, Ro.. TABLES 23 


€—— 

The maximum range corresponds to the angle ®==45°. 

If the resistance of the air is taken into account the range and 
the height of the trajectory are less. For example, in the absence 
of air resistance a body thrown at an angle a=20° with an ini- 
tial velocity 24-550 m/sec would have a range of 19.8 km, 
whereas a projectile fired at the same angle and with the same 
initial velocity would have a range oi only 8.1 km. 


TABLES 
Table 1 
Velocity of Motion of Different Bodies 

Elevator in h А 1.5-4.5 m/sec 
UAR EAR ius же d up to 75 km/hour 
Electric locomotive VL-23 . 2 90-100 
Automobile 211-110.... * 140 
Passenger train diesel locomot 2 130 


Torpedo boat 
Passenger pla 
Racing car (19. 


a 
© 
> 
to 


up to 1,000 


Passenger jet plane TU-104 «75777 
Jet fighter plane soi rue" g hra 2/000 
Jet plane *Nord 00 ‘Griffon 02° (1959 УАЙ е 
ЕРДЕ Т сазе. Ж RA ey EES Б 
Bullet at exit from gun muzzle UNS 860 m/sec 
Motion of electron beam over screen of tele- Ген 
visi £ e ux e*t $ yé . LE 
vision set KVN-19 i cial earth satellite} about 8,000 


Orbital velocity of arti 


; 
Cosmic rocket. - тоге than 11-000 


Velocity of 
Electrons in € thode ау tube. be Sis upto , JD 
Table 2 
Acceleration of Different Bodies 
(Approximate Values) 
Accel- А расе 
Accelerated motion po Decelerated motion E 
* Emergency braking Ф 
н це à of automobile = > - 
Racing саг... · · 4.5 Landing jet plane . . 
а i .9-1.6 parachute opening 
pu in pouss i i 0.35 when rate of fall 15 
ТОЮН 1 adm sue А 0.6 60 т/зс.----. 
Shell in gun barrel. .| 100,000 


Spp. om е? 
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Table 3 
Escape Velocities in the Solar System 


Mean radius of the earth 6,370 km. Mass of the earth 


oo 


Neptune 


5.96:« 10??g 
Radius Mass Escape veloc- 
Body (Earth=1) (Earth=1) ity, km/sec 
ea a ә 109.1 322.100 623 
Mercury 0.39 0.044 3.8 
Venus... + « ea 0.97 0.82 10.4 
Earth . . . 1.00 1.00 11,2 
Moon .. . 0.27 0.0123 2.4 
MEIS v i s . 0.53 0.108 5.1 
Jupiter . . .. 10.95 317.1 60.1 
Saturn ... ... 9.02 94.9 36.6 
Uranus . ... 4.00 14.65 21. 
ë e x .f 17.16 23.9 


_ The physical quantity characterising the interaction of bodies 
is called a force; it determines the Change of motion, or the 


external force. 


That property of matter by virtue of which b 
retain the magnitude and direction of its velocity d шд 


anlity of matter in 
the body. The greater the quantity of matter ї Ше body. the 
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stronger is the tendency of the body to preserve a constant veloc- 
ity, the greater is the inertia of the body. Thus, the quantity 
of matter in a body determines the physical property of inertia. 
The measure of inertia is the mass of the body. Mass is measured 
in lo leat 1 kg is the mass of a platinum-iridium stand- 
ard bar. 

Newton’s Second Law of Motion. The force acting on a body 
is equal to the product of the mass of the body and the accelera- 
tion produced by this force, and coincides in direction with the 
acceleration. Thus, Newton's second law of motion gives the 
relation between the applied force (F), the mass of the body 
(m) and the resulting acceleration (a): 


Е--та. (1,13) 


The motion of a body may be characterised by another quan- 
tity, called the momentum, К=тә. At present the quantity mo 
is frequently called the impulse of the body. lî the applied force 
is constant, then 
тор Mvo 


p t 


or 
Еі == то — mug. (1,14) 


The quantity Ff is called the impulse. | 

The change in momentum is equal to the impulse of the force 
and takes place in the direction of action of the force. Force is 
measured in newtons (N). 1 N is the force which when acting on 
a body of 1 kg mass produces an acceleration of 1 m/sec. 

Newton's Third Law of Motion. When one body exerts а 
force on another, the second body exerts a force equal in magni- 
tude and opposite in direction on the first body 

Е--- Ез, 

ог 
тій — — "03, (1,15) 


where F, is the force acting on the first body, Fy—the force 
acting on the second body, m, and ть—\һе masses of the first 


and d bodies, respectively. T > 
A iN of bodies which interact only with other bodies of 


the same system is called closed. In a closed system the momen- 
ium remains constant. For example, in a system consisting of 
two bodies the following relation is satisfied: 


my lly + Malla = mao + aUe (1,16) 
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where от and v, are the velocities of the first and second bodies 
before interaction, and u, and и,-іһе respective velocities 
after interaction. i) : 

The mass per unit volume of а substance is called density 
(p). The concept of specific gravity is frequently used. Spe- 
cific gravity (d) is the ratio of the density of a substance to the 
density of water: 


pee. (1,17) 


4--. (1,18) 


<x = 


where m is the mass of the body, P—its weight, V—its volume. 


2. Work, Power and Energy 


Work (A) in physics is defined as the product of the force 
and the distance through which it acts. If the force does not 
coincide in direction with the distance, then the work equals: 

A=FS cosa, (1,19) 
wheree is the angle between the force and the distance through 
which the body moves, 

Power (N) is defined as the work performed in unit time: 


м-4, (1,20) 
М = Рэд. (1,20b) 


aracterised by its 
anges work is being 
initial and final ener- 


Е-Е,--А. (1,21) 

There аге two forms of mechanical energy: 

or the energy of motion, which depends on tl 

of the bodies, and potential energy (E,) or th 

which depends on the relative position of t| 
The kinetic energy of a body equals: 


kinetic energy (Ey), 
he relative velocity 
е energy ој position, 
he bodies. 


mo? 
Ey— F (1,22) 


Where m is the mass of the body, and v—its velocity. 
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The potential energy in the field of gravitation of the earth is 


defined as 
тет 
hay р + (1,23) 


where y is the gravitational constant (p. 27), mg is the mass 
oi the earth, m—the mass of the body, and R—the distance 
from the centre of the earth to the centre of gravity of the body. 
_ The minus sign in formula (1,23) denotes that when the body 
is removed to an infinitely great distance (when it is out of the 
field of gravitation), its potential energy is taken to zero; hence, 
the energy of bodies situated at a finite distance is negative. 

When a body is raised to a small height above the surface of 
the earth the gravitational field of the earth may be regarded as 
homogeneous (the acceleration of free fall is constant in magni- 
tude and direction). In a homogeneous field the potential ener- 
gy of a body equals 
м Ep= mgh, (1,23a) 
where т is the mass of the body, g—the acceleration of free fall, 
h—the height of the body measured from some arbitrary level, 
at which the value of the potential energy is taken equal to zero. 
The surface of the earth can serve, for example, as such ari arbi- 


trary level. 
Work is measured in joules (SI—see page 205). 


3. Dynamics of Rotation 
for rotational motion takes the form: 
M=Jj- (1,24) 


Newton’s second law 


(J) is analogous to the mass, the 


H t of inertia 
кешеш d the angular acceleration (j)—to 


torque (M)—to the force, an 


the linear acceleration. 
The torque or moment of force is defined as the product of the 


force and the perpendicular distance between the line of action 
of the force and the axis of rotation. К Nr: 
If two torques are applied to a body, producing rotation in 
opposite directions, then one of the torques is arbitrarily con- 
Sidered positive, and the other negative. А 
The moment oj, inertia (or rotary inertia) of a point mass about 
an axis is equal to the product of the mass and the square of its 


di xis: 
istance from the axis: Jess (1,25) 
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The moment of inertia of a body is the sum of the moments 
of inertia of the point masses of which the body is composed. 
The moment of inertia of a body сап be expressed in terms of 
its mass and dimensions. 

The moment oí inertia of a body about an axis can be deter- 
mined if we know the moment of inertia of the body about a 
parallel axis passing through the centre of gravity of the body 
(see p. 37), the mass of the body m and the distance between the 
two axes S: 

У = eg HMS. (1,26) 
In uniform rotational motion the sum of all the torques is equal 
to zero. 

The unitorm motion of a point in a circular path (uniform 
circular motion) is characterised by centripetal acceleration 


place only if a force acts to produce this acceleration. This force 


is applied to the point which is describing circular motion and 
is called the centripetal [orce: 


F= т, (1,27а) 
Ес--то?р, (1,275) 


The centripetal lorce is directed along the radius towards 
the axis of rotation and its torque is equal to zero (the perpen- 
dicular distance between the force and the axis is zero). 


The Work done when a constant torque acts through an angle 
Ф in rotational motion equals 


A — Mq. (1,28) 
The power developed equals 
N — Mo. (1,29) 
The kinetic energy of a rotating body equals 
Jo? 
ES. (1,30) 


4. Friction 


each other, a force arises which hinde 
is called friction. It is caused by the i 
faces in contact, as well as by mol 
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When there is no layer of liquid between the surfaces we speak 
of dry friction. 

According to the character of the motion giving rise to dry 
friction we distinguish sliding friction (one body slides over the 
surface of the other) and rolling friction (one body rolls on the 
surface of the other). 

The magnitude of sliding friction Еһ depends on the nature 
and quality of finish of the surfaces in contact and on the force 
pressing the surfaces together (the perpendicular force Fp). 


Fir=kFp, (1,31) 


where k is the coefficient of friction, k depends on the nature 
and quality of finish of the surfaces in contact, and to a slight 
degree on the velocity of motion (the dependence on the velocity 
is usually neglected). Rolling friction is less than sliding fric- 
tion. Rolling friction depends on the radius R of the rolling 


Po 
Еее Е" R’ (1,32) 
characterising the surfaces in contact; 


where k’ is a quantity г 
f a length. The following are two exam- 


h' has the dimensions О 


ples of the value of k’ in cm: Е 
А wheel with a steel rim on a steel track... - + + . -0.05 
A cast iron wheel on a steel track. . +++ ә, 4040 


5. Law of Universal Gravitation 


The force of attraction F between two point masses т and 
тә equals: 


m a 
Е=ү "т. (1,33) 


where R is the distance between the masses, and y is the con- 
stant à gravitation, equal to 6.67 107* „стз/в sec? (in the 
CGS system of units*). The constant of gravitation is a quantity 
equal to the force of attraction between two point masses of 
unit, mass separated by unit distance. In the case of homogene- 


——— M RF: 


* See p. 205 for the CGS system of units. 
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ous spheres of masses m, and та the force of attraction is given 
by the same formula, except that R now denotes the distance 
between the centres of the spheres. 

The weight P of a body of mass m on the surface of the earth 
is determined mainly by the force of attraction between the 
body and the earth: 

mgm 
mdi me 
КЕ 
where тр is the mass of the earth, and Re is the radius of the 
earth. А 

In accordance with the law of gravitation, the acceleration 
of gravity (the intensity of the gravitational field) at a height 
Н above the surface of the earth is given by the formula: 


ть 


Езу ану» 


ог 


g=% (к-нү қ (1,342) 


where go is the acceleration on the earth’s surface. 
In the first approximation for H«Rg 


eu (12 g- ‚ (1,34b) 
Re 
At the centre of the earth the intensity of the gravitational 
field is equal to zero. If 
the earth is regarded as a 
бр------ homogeneous sphere then g 
Increases with increasing 
distance from the centre 
of the earth. Outside the 
earth g decreases with 
increasing distance from 
: the centre of the earth; the 
А 2%, Ihe R dependence of the accel- 
EE атан : анов gon the distance 
ig. 3. Acceleration of gravity (in. Tom the centre of the 
ej f gravit 5 i R 1 
distance Шш centre Ч) Мен earth is depicted’ 101 {he 
earth is regarded as a homogeneous orm of a Staph in Fig. 
Н 5рһеге.) 3. 
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TABLES 
Table 4 
Density of Some Solids (at 20°С) 
Substance De" Substance Dene 
Metals and alloys Minerals and 
rock 
Aluminium . . - Anthracite (dry) 1.2-1.5 
Brass ...... Asbestos . 2-:| 0.00.5 
Bronze e Chalk (air dry) 2 
Cast iron. se. NV Am Corundum .... 4 
Chromium ...- 7.15 Рїатопд..... 3.51 
Cobalt et 8. бгапйе....-. 2.5-3 
Constantan . . - 8.88 Marble «5» «7 2 5.9.8 
Copper... ++ 8.93 MICE, ea eri A 2.6-3.2 
Duralumin ... 2.79 Quartz AMT 9. 
Germanium . 5. t 
Gold 19.31 Plastics and 
Iron ж» + 1 7.88 laminated plastics 
Lead 72-2 11.35 Cellon 2... >. 1:8 
Magnesium . 1.76 Fluoplastic . - 2.1-2.3 
Manganin. . д 5.5 Laminated amino- 
Molybdenum . . - 10.2 plasts. .- 1.4 
Neptunium . . « + 19.5 plas 
Nickel 2... 8:9. 
Міскейіпе..... 8.77 
Platinum... ++ 21.46 
Silicon... e+ 2.3 
Silver it 10.5__ 
Sodium . 2а 0.975 
Steel PE 7.7-7.9 .2 
Tin noe 5 7.29 Textolite . . ++ - 1.3-1.4 
Tungsten 19.34 Vinyl plastic . 2. 1.38-1 40 
Uranium 19.1 Й : 
White babbitt . - 7.1 Different materials 
Zink s 8 іс 7.15 Amber Ў 1-1 
Bakelite varnish 1.4 
W'ood Beeswax, white. 0.95-0.96 
(air dry) Bone, - == ases 1.8-2.0 
Glass, common . 2.5 
Ash, mahogany . - 0.6-0.8 Gl for mirrors. 2.55 
amboo ...- 0.4 Glass, for ther- 
E кышу EE 0.5-0.6 mometers 2.59 
Ebony ...... 1.1-1.3 Glass, pyrex .. 2.59 
Lignum vitae .. 1.1-1.4 Glass, quartz . 2.21 
Oak, beech... | 0-7-0-9 Ice (at 0°С) . - 0.917 
Di омат x] Шүлен; Porcelain... - - 2.2-2.4 
Wainot e saras] 0567057 Rubber, ordinary. 
| hard 5 1% 
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Table à 
Density of Liquids (at 20 C) 
Density, — Density, 
Liquid wen Liquid eae 

Acetic acid... . | 1.049 Heptane ..... 0.684 
Acetone ..... 0.791 Hexane.. . . .. 0.660 
EODD NP 1.02 Machine ой. 0.9 
Benzene sessa 0.879 ИШҮ 3522: 13.55 
Benzine;..... 0.68-0.72 || Methyl alcohol . . 0.792 
Bromine ...., 3.12 Milk” of average 
Bromobenzene . .| 1.495 fat content . 7, 1.03 
Chloroform... . 1.489 Nitric acid . | aC 1.51 
Crudeoil ..... 0.76-0.85 Nitrobenzene . Р: 1.9 
Diiodomethane 3.325 Nitroglycerine ' | 1.6 
Ethyl alcohol 0.79 Sea water . 1.01-1.03 
Formic acid 1.22 O9ene.. ,,.. 0.866 
Glycerine... 2 1.26 Vonomomeihane 2.890 

% aseline ой... 0,8 
Heavy water (H$0) 1.1086 | Water SENE ES 2 0:99823 


Р Table 6 
Density of Some Metals in the Liquid State 


> Temperature, Density, 
Substance “с шет 
e s -— ——— A" —————— 
Aluminium 660 2.380 
900 2.315 
1,100 2.261 
Bismuth 300 10.03 


Silver 


Sodium 


-а- 


ооо [оссо 


w Jorn 


ооо 


чос [ою 


Тіп 


aaa | әсо 


көс | оо сла 
ссе |529 


очо 
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Table 7 
Density of Water at Various Temperatures (g/cm?) 

t, *C Density $,:96. Density 4° Density 
—10 0.99815 7 0.99993 25 0.99707 
-3 0.99843 8 0.99988 26 0.99681 
—8 0.99869 10 0.99973 27 0.99652 
=s 11 0.99963 28 0.99622 
—6 12 0.99952 29 0.99592 
-5 13 0.99940 30 0.99561 
—4 14 0.99927 31 0.99521 
-—3 15 0.99913 32 0.99479 
-? 16 0.99897 33 0.99436 
ше! 17 0.99880 34 0.99394 
0 18 0.99862 35 0.99350 

1 19 0.99843 40 0.99118 

2 20 0.99823 50 0.98804 

| 3 21 0.99802 60 0.98318 
4 22 0.99780 70 0.97771 
5 Қ 23 0.99757 80 0.97269 
6 0.99997 24 0.99732 90 0.96534 


| Note. The maximum density of water corresponds to the tempe- 


rature 3.98? C. 


Table 8 


Mercury at Pressure p—1 kg/cin? and at 


Density of 
Various Temperatures 


t, °С| p, g/cm? . *C| p, g/cm? | °C} р, g/cm* | t, °С | р, g/cm? 
3.5951 | 25 | 13.5335 | 50 | 13.4723 | 75 | 13.4116 

2 | 13-5951 | 35 | {3:5212 | 55 | 13:4601 | 80 | 13.3995 
10 | 13.5704 | 35 | 13.5090 | 60 13.4480 90 13.3753 
15 13.5580 | 40 13.4967 || 65 13.4358 | 100 13.3514 
20 | 13.5457 | 45 | 13.4845 | 70 | 13.4237 | 300 | 12.875 


2--1719 
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Table 9 


Various Gases at 0 С and Saturated 
Vapours at 760 mm Hg 


ity, 2 Density, 
RN Density | Substance cent 
°еле..... 0.001173 Ethyl ether (satu- ? 
"HA ал 0.001293 га(сй)......| 0.00083 қ 
Ammonia..... 0.000771 Нео аага 0.0001785 
ATEOR e oos 0.001783 Bydrogeu 425. 5% oc арыс 
А turat- Krypton .....| 0.00374 
e E S. e В 0.000012 IROOM od ео 0.000900 
Carbon dioxide. . 0.001977 Nitrogen... ..] 0.001251 
Carbon monoxide 0.00125 Oxygen. . -.| 0.001429 
Chlorine: 4... 0.00322 Оюпе.... .| 0.002139 
Ethyl alcohol (sa- Water vapour (sat - 
turated) DERE 0.000033 urated) ..... 0.000484 
Table 10 


A verag 


e Density of Various Substances 


Substance | 


Density, kg/m? 


Asbestos felt . . 
Asbestos paper . 
Asphalt... 
Негіз 2... 
Broadcloth 


Clay, 15-20% moisture content by weight | | | 
Concrete mixed with crushed rock, 89. 


content by weight 
Concrete dry . гі 


Corn (grain) 


Cotton wool, air dry 3 
Foam сопсгее..., 


Gravel, air dry . 
Hay, fresh-mown | . 
Hay, compressed . 5 
Lime plaster, 6-8% 
Masonry, red brick 


icate brick 


Mipor (m croporous 
Peas А 


weight 
Баб е ЖӘНЕН 
Sandstone ...,, 
51 


Slag, blast-furnace | | 


m » furnace 
Slag concrete, 13% 
Snow, fresh-fallen 
Woollen cloth 
Woollen felt 


moisture 


е os Бы Жазды 2,000 
НОТЕ 11600 
IO qa 750 


ЕВА 80 
. 300-1,200 
. 1 840 


moi 


TUE. aie aL me oy 1,700-1,900 
TUbber) |... ..... .| not more than 20 


жала X >, d e 700 


ЗА а а, 0 670 
260-360 


2,20 
. Se Wika ata Ri, 1,200-1 
2, 


0 
-1,600 
М 600 
РЕ: 402 100 
re eov Per Du 600-800 

PETAT ч 900-1,300 


moisture content by weighi 1,500 


80-190 
АГ oe 240 
Mx ote ws ahh ТАТ € X 300 


Moments of Inertia 
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Table 11 
of Various Homogeneous Bodies 


Body 


Moment of 


Axis inertia J 


Thin bar of length 4 Perpendicular to bar and тіз 
passing through its сеп- 

tre 12 
Circular disk or cylinder | Perpendicular to plane of mr? 
of radius г disk and passing => 
through its centre 2 

Sphere of radius л Diameter of sphere 0.4 mr? 
mr? 


Thin cylindrical tube or 


ring of radius r 


Axis of tube 


Circular cylinder of length 
l and radius r 


Perpendicular to axis of 
cylinder and passing 
through its centre 


Rectangular parallelepi- 
ped Ki dimensions 2а, 
‚ 2c 


„ Note. The table gives 
Which pass through their 
about an arbitrary 


mi? 
Jaa 


12 


axis сап f 
For example, the moment of inerti 
Pendicular to the bar and passing t 


Axis passing through b2 +02 
й centre and parallel to m 5 
side 2а 3 


the moments of inertia of bodies about axes 


centres of gravity. The moment of inertia 
be found according to formula (1,26). 
a of a thin bar about an axis per- 
hrough one of its ends is: 


+т (+) =з 
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Table 12 


Coefficients of Sliding Friction for Various Materials 


Suríaces in contact 


Cocíficient of 


friction 
COSTED ТОПЕ mox xem ҮЗ ИЛТҮ ТҮГҮ 0.2 
dE co NR bed 0.18 
Cast Hron On ONDRA («eec o won vx ae. 0.21 
т FO IOW]CASE ОН: а ss ees енн 0.16 
Copper оп cast iron .........,,,,,,,, 0.27 
Dry wood on wood ......,.,,,,,,,.„, 0.25-0.5 
Fluoplastic-4 on Пшор!азНс......,‚,.,,,, 0.052-0.086 
Fluoplastic on stainless steel . -—M 5 0.064-0.080 


Greased leather belt on metal 
Hempen rope, wet, on oak 
a 70 фу, on oak 


Iron-bound runners on snow and ice 
Leather belt, moist, on metal 
* ” on oak 


ы dry, on metal 
Metal, moist, on oak 


a a ававвь 
os 
m 
g 


0.24-0.26 
dry, on oak . 0.5-0.6 
Oak on oak, along grain 48 
ы ^l along grain of one surface across 
PAID) OF ЗОВЕ: es мы gx oa Be vw, o a 0.34 
Rubber (tires) on hard sol... era 1 0.4-0.6 
x : on cast iron . Eia 3 жыкса а 0.83 
Sliding bearing, greased TF & 0.02-0.08 
Steel (or cast iron) on ferrodo xis 0.25.0.45 
Steel опїгоп.....,, 0.19 
" ice (skates) 0.02-0.03 
COLE MEUM 0.18 
” "cast iron® . . .. BY Me ay 0.16 
Steel-rimmed wheel on steel track . EEFT 0.16 
Wooden runners on snow and ice .. TET 0.035 
Note. The asterisk denotes materials used їп braking and frictional 
devices. 
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Table 18 


Intensity of Earth's Gravitational Field (Acceleration of 
Free Fall) for Different Latitudes at Sea Level 


tatie | "оп: | Latitude Асана ioni 
i 
o 978.030 55°45’ (Moscow) 981.523 
10° 978.186 59°57’ (Leningrad) 981.908 
20° 978.634 60° 981.914 
30° 979.321 70° 982.605 
40° 980.166 80° 983.058 
50° 981.066 90° 983.216 
Table 14 


Intensity of Gravitational Field (Acceleration of Free Fall) 
near the Surface of the Sun and Planets 


Acceleration, Acceleration 
Body cm/sec? Body cm/sec? 
Jupiter... es 2,650 
Saturn ...... 1,176 
Uranus ...... 980 
Neptune ..... 980 
167 


C. STATICS OF SOLID BODIES 
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The centre of gravity is called ihe point about which the 
sum of the moments of the forces of gravity acting on all the 
particles of the body is equal to zero. The weight of the body may 
be considered concentrated at its centre of gravity. Е 

Types of equilibrium. When а body returns to its original 
position after being slightly displaced, the equilibrium is said 
to be stable. | 

When a body tends to move as far as possible from its original 
position when slightly displaced, the equilibrium is called 
unstable. "E р 

A body is in neutral equilibrium, if, wi 
it tends neither to return to its origin 
further away ігот it, in other words, ү 
also a position of equilibrium. 

Conditions of equilibrium оға bod 
For a body of weight P to be in equi 
which makes an anglec with the hoi 


hen slightly displaced, 
al position nor to move 
"hen the new position is 


y on an inclined plane. 
librium on an inclined plane 
rizontal it must be subjected 
to a force F equal to Fy: 


F,—P sinc; 


the force F must be di- 
rected upward along the in- 
clined plane (Fig. 4). The 
body itself presses down 
on the inclined plane with 
a force 


i F4— P cosa 
Fig. 4. Equilibrium on ап inclined a : 


plane, while the inclined plane 
reacts on the body with an 
equal force. A body resting freely on 


$ an inclined plane will re- 
main at rest as long as the force pulli 


Sr е ng it down is less than the 
force of friction. This condition is satisfied if 


tana >k, 


where k is the coefficient of sliding friction. 
The lever. A lever is in equilibrium if the sum of the moments 
of all the forces applied to it equals zero (Figs. 5, a and 5, b). 


Fia—F,b=0, 
where а and 6 are the lever arms of 


14 the applied forces, 
The condition that the sum of the 


д пе moments of all the forces 
equal zero also applies to the equilibrium of a windlass (Fig. 6). 
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m 


f 


@ 


Fig. 5. Levers: 
а) Fulerum between forces acting on lever, b) Fulcrum at one 
end of lever. 


Pulleys. The fixed pulley (Fig. 7) serves only to change the 
direction of the applied force. The movable pulley (Fig. 8) gives 


Ж 
F А 
Fig. 6. Schematic Fig. 7. Schematic Fig. 8. Schematic 
diagram of wind- diagram of fixed diaran, or May 
ass (FXR=PXr). pulley. d 


us a gain in force. When a movable pulley is at rest or in uniform 
rotation the sum of all the applied forces and the sum of all the 


Moments is equal to zero. 
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Mence it follows that 


P—9F, 
or P 
ғ--. 


Pulley blocks. A pulley block (Fig. 9) is a combination of 
fixed and movable pulleys. If the block contains n movable and 


ШЕН} 


zz. 


Fig. 9.  Pulle 
block. y Fig. 10. Jackscrew. 


n fixed pulleys, 


then the force F required to counteract the force 
P equals 


P 
Без. 
Тһе screw. In the absence of friction the f. А 
the axis of the screw is balanced by p the force P acting along 


ce F appli ire 
cumference of the screw cap and СТЕ applied ig thei 


Pf 
Soo 


where R is the radius of the Screw cap and h—the pitch of the 


screw (Fig. 10) 
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TABLES 
Table 15 


Centres of Gravity of Various Homogeneous Bodies 
(see Fig. 11) 


Body Position of centre of gravity 
Thin bar At the centre of the bar 
Cylinder or prism in the middle of the straight Jine connecting 
the centres of the bases of the cylinder or 
prism 
Sphere At the centre of the sphere 
Flat thin circular seg- On the axis of symmetry at 2/, of its height 
ment above the base 
Pyramid or cone On the straight line connecting the centre 
of the base and the apex at 1/4 the dis- 
tance from the base ч 
Hemisphere On the axis of symmetry at */s the radius 
from the centre of the sphere 
Thin Sola triangular | At the point of intersection of the medians 
plate 


ntre of gravity of some bodies of regular 
geometrical shape. 


Fig. 11. Position of ce 
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D. ELEMENTS OF THE THEORY OF ELASTICITY 
FUNDAMENTAL CONCEPTS AND LAWS 


Under the action of external forces a solid body undergoes 
achange in shape, or is deformed. If, when the forces are re- 
moved, the body resumes its original shape, the deformation is 
said to be elastic. 

When a body undergoes elastic deformation internal elastic 
forces (restoring forces) arise which tend to restore the body to 
its original shape. The magnitude of these forces is proportional 
to the deformation. 

Deformation by tension and by compression. The increase 
in length (A/) of a body produced by an external force (F) is 
proportional to the magnitude of the force and to the original 


length (/), and is inversely proportional to the cross-sectional 
area (S): 


Ше--х ж (1,35а) 


AP p 
where = is a coefficient of proportionality. Formula (1,35a) 


is the mathematical expression of Hoohe's law. 
The quantity E 


is called Young's modulus, and characterises 
the elastic properties of the 


material. The ratio i =pis 


called the stress. 

The deformation of rods of 
arbitrary length and cross- 
sectional area is described һу” 
а quantity called the longitu- 


3 " 1 
dinal strain g — >, 


[za 2 For bodies сі arbitrary 
shape Hooke's law is: 


Fig. 12. Stress versus longitudi- 


nal strain. Curve / — plastic ma. р--Ее. (1,350) 
terial, curve /7—brittle material, > ; 
At point O fracture occurs, Young's modulus is numer- 


ically equal to the stress 


Tequired to double the length 
of a body. Actually, however, rupture occurs at considerably 


smaller stresses. Fig. 12 represents in graph form the exper- 
imentally determined relation between p and e, where pan is 
the ultimate stress or breaking stress—the stress under which a 
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constriction arises on the rod, py is the yield point—the stress 
under which the material begins to flow (the deformation in- 
creases without any increase іп the applied force), pe is the 
elastic limit, i. e., the stress below which Hooke's law is valid.* 

Materials are classified as brittle and plastic. Brittle materials 
are destroyed when very small strains are produced in them. 
Brittle materials can usually withstand greater compression 
than tension. 

Tensile strain is accompanied by a decrease in the diameter 
of the specimen. If Ad is the change in the diameter, then 


Ad. .. i 
= a ЧА called the fransverse strain (transverse contrac- 
Я | 3 
lion per unit dimension). Experience shows that 2| e. 


sf s "m ў 
The absolute value of p= B is called Poisson’s ratio, 


Shear. Shear is called a deformation in which all the layers 
of a body parallel to a given plane are displaced relative to one 
another. In deformation by 
shear the volume of the body 
remains unchanged. The line 
segment AA, (Fig. 13) equal 
to the displacement of one 
plane relative to another, is 
called the absolute shear. 

For small angles of shear 


the anglea=tana= 275 char- Fig. 13. Deformation by shear. 

ев the relative чота, қ жы 

ion and is called the shearing si 3 қ " 
Hooke's law ior deformation by shear can be written in the 


form: 
p=Ga, (1,36) 


where the coefficient G is called the shear modulus. 
Compressibility of matter. When a body is subjected to pres- 
Sure in all directions its volume decreases by AV; as a result 


elastic forces arise which tend to restore the body to its original 


volume. The compressibility (B) is defined as the relative change 
in the volume of a body Ау produced by unit change in the stress 
(P) acting perpendicular to its suríace. 


p ci e жене 


* It is assumed that the force is applied for а brief time. 
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The reciprocal oi the compressibility is called the modulis 
of volume elasticity or bulk modulus (Қ). ; 
Тһе change in the volume oí a body AV produced by an increase 
in pressure AP can be computed by the formula: 
AV = —VpAP, (1,37) 
where V is the original volume. 


The potential energy of elastic deformation is given by the 
formula: 
a FAM 


ЕБо--- (1,38) 
where F is the elastic force, and A/—the deformation. 


TABLES 


Table 16 
Breaking Stress of Various Materials (kg/mm?) 


Breaking stress 
Material ў 
in tension in compression 
Aminoplasts, laminated . . .,.. . , 8 20 
Bakelite ... 2-3 8-10 
Brass, bronz 22-50 же 
Brick . - 0.74-3 
Cast iron, w n - up to 175 
E » gray, fine-gi 21-25 up to 140 
» * Bray, ordinary ..... 14-18 60-100 
Cellon . is 4 16 
Celluloid... . 5-7 — 
Concrete pa - 0.5-3.5 
0.06 = 
15-17 15-18 
0.3 12-26 
0.1 0.1-0.2 
= 1.5 
9.5 5 
8-10 10-26 
= 0.5 
8 4 
5 7. 
4 10 
219 agag 38-42 — 
» Silicon-chromium-manganese 155 = 
» Carbon .. 32-80 E 
Steel for tracks 70-80 um 
Fluoroplast-4 .. 2 ES 
Textolite IITK . . 10 15-25 
Vinyl plastic 4 8 
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Table 17 
Moduli of Elasticity and Poisson's Ratios 
Young's Shear i ^ 
Material ER Ой Род = 
kg/mm * kg/mm * 
Aluminium | bronze, 

Gasting » «4s ¥.=% 10,500 4,200 - 
Aluminium, rolled. . 6,900 2,600-2,700 | 0.32-0.36 
Aluminium wire, 

агам: s exe 7,000 - — 

Bakelite ....... 200-300 - - 
Brass, rolled, for Sup. 

building 10,000 - 0.36 

. cold-drawn 9,100-9,900 | 3,500-3.700 | 0.32-0.42 
Cast iron, wrought 15,500 - - 
Cast iron, white, gray | 11,500-16,000 4,500 0.23-0.27 
Celluloid ....... 74-1.93 - 0.39 
Constantan . . 16,600 6,200 0.33 
Copper, casting 8,400 - - 
Copper, cold-drawn 13,000 4,900 — 
Copper, rolled 11,000 4,000 0.31-0.34 
Duralumin, rolled 7.100 2,700 - 
бейпах ШАСЫ n 

insulation) . 1,000-1,700 - - 
Glass 5,000-8,000 | 1,800-3,000 0.2-0.3 
Granite 4,900 - = 
Ice ыы 1,000 280-300 - 
THWIE cocco киге Ms 14,000 5,600 - 
LGR 1.2.9 1,700 700 0.42 
Limestone 4,200 - - 
Manganin 12,600 4,700 0.33 
Marble 5 4x she? 5,600 - - 
Phosphor bronze,rolled 11,500 4,200 0.32-0.35 
Plexiglas ....... 535 151 0.35 
RROD SEY esum 2% 0.8 — 0.47 
Steel, alloyed 21.000 8,100 0.25.0 30 

* Ха БОЙ» «ced 20,000-21,000 8,100 0.24-0.28 
Steel casting... .- 17,500 = == 
Textolite 600-1,002 = = 
Vinyl plastic... . - 300 Fa = 
Қ v suena ens 400-1, 800 - - 
Zinc, rolled ..... 8,400 3,200 0.27 
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Table 18 
Compressibility of Some Liquids at Different Temperatures 
Temperature, Pressure 
Substance “е range, atm 
Acetic acid 25 92.5 81.4 
14.2 9.36 Dm 
0 100-500 82 
= 0 500-1,000 59 
41554500 9 1,000-1,500 47 
0 1,500-2) 000 40 
16 8-37 90 
Benzene 20 99-296 78.7 
20 296-494 67.5 
Castor oil 14.8 1-10 47.2 
20 1-50 
20 50-100 
Ethyl alcohol 20 200:200 
20 300-400 
100 900-1,000 
Glycerine 14.8 1-10 22.1 
1 1-15 67.91 
16.1 1-15 76.77 
ч 5 2 
Kerosene i rs | se 
72.1 1-15 100.16 
94 1-15 108.8 
Mercury 20 | 1-10 3.91 
Nitrobenzene 25 | 192 43.0 
IUE SY 20.5 1-10 63.3 
Olive oil 14.8 1-10 56.3 
Paraffin (melting гб 20:100 A 
point, 35° C) 185 20-400 137 
Sulfuric acid 0 116 | 302.5 
-5.95 
Toluene 50 Тер ii Pa 
Water 20 1-2 46 
x 10 1-5.25 74 
Xylene 100 1-5.95 132 
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Table I9 


Allowed Stress оі Various Materials (kg/mm ?) 


Allowed Stress 


Material А 
in tension in compression 
Aluminium РА 3-8 
Brick masonry . . . 0.2 
Cast iron, gray. 2.8-8 
concrete T ud 0.01-0.07 
Éopper ...... 3-12 
Dak, across grain € 
Dak, along grain 0.9-1.3 
Pine, across grain . = 
Pine, along grain ... 0.7-1 
Steel, alloyed, for mac 
Dullling so. su ҮГҮТ 10-40 and more 
Steel (grade 3).......-. 14 
Steel, carbon, for machine- 
, building 16-25 


F LIQUIDS AND GASES 
D LAWS 


E. MECHANICS 0 
FUNDAMENTAL CONCEPTS AN 


olids, offer no resistance 
ail a change in volume. 
исе the volume of a gas 
регіу of fluids is called 


Liquids and gases, as distinct from s 
lo a change in shape which does not ent 

9 change the volume of a liquid or red 
one must apply external forces. This pro 
bulk elasticity. mos 

Pressure (p) is defined as the perpendicular force a g 
unit surface. 

1. Statics 
i iquid is trans- 
External pressure applied to a confined gas or liquid is 
mitted ЖИП, dn ail directions (Pascal’s principle). ii 
column of liquid or gas in a uniform gravitational fie 
ехегі a pressure caused by the weight of the column. If the 
liquid or gas is assumed to be incompressible, then the pressure 
p=ogh, (1,39) 

Where p is the density of the liquid or gas. 8 is the acceleration 
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of gravity, and л is the height of the column. The magnitude of 
the pressure is independent of the shape of the column and de- 
pends only on its height. СЕТА ЕЕ 

The heights of columns of liquids in communicating vessels 
are inversely proportional to their densities: 


hy 02 
ha рү 


А body immersed іп a fluid is buoyed up by a force equal 
to the weight of the fluid displaced (Archimedes’ principle). 


(1,40) 


2. Dynamics 


When a fluid is in motion with a velocity much smaller than 
the velocity of sound in that fluid, it may be regarded as incom- 
ressible. The motion of fluids gives rise to forces of friction. 
f these forces are small they may be neglected, and the liquid 
or gas is called an ideal fluid. 

Motion of an ideal fluid. A liquid or gas is said to flow at a 
steady rate when the velocity and the pressure remain constant 
at each point in the stream. 


In this case an equal volume of fluid flows through any cross- 
seclion of the pipe: 


S10, — Satz; (1,41) 
2 


where S, and S, are the areas of two different cross-sections of 
the pipe, and v, and о, are the velocities of the fluid in these 
cross-sections. When the cross-sectional area of the pipe changes, 
both the velocity and the pressure of the fluid change in such 
manner that in any cross-section (for steady flow of ап ideal 
fluid) the following condition is satisfied 


p-- pgh M — const 


or (1,42) 
po? . 00? 

Pic pghy Жеты pals 52, 
where p is the pressure, p is the density of the fluid, A is the height 
of the given cross-section of the pipe above a given level, and 
v is the velocity of the fluid in the given section of the pipe 
(Fig. 14). 
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Equation (1,49) is called Bernoulli's equation. From this 
equation follows Torricelli's theorem: 

v= V 2gH, (1,43) 


Where v is the velocity of the liquid emerging from a small 
orifice in the vessel. and H is the height of the surface of the 
liquid above the orifice (Fig. 15). 


Fig. 15. Flow of liquid from 
a small orifice. 


Fig. 14. Illustration to for- 
mula (1,42). 


medium (fluid) is opposite in direction e i 
called the КЫК the medium. If no eddies are formed in 
the wake of the moving body, then the resistance of the medium 
is proportional to the velocity 9. In the particular case of a 
sphere of radius R the resistance of the medium is 


Е--блт (о, 


Where тү is the coefficient of internal friction, or the coef ficient 
Of viscosity. In the CGS system of units viscosity is measured 
in poises: | poise=1 gm/cm sec. 
Formula (1,44) is called Stokes’ formula. alt 7 
hen a small sphere falls through a viscous fluid its velocity 
of uniform (steady) motion is determined by the formula 


(1,44) 


«ағ х2 (1,45) 
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where p is the density of the sphere, R is ils radius, p, is the 
density of the fluid, y is its viscosity, and g is the acceleration 


of free fall. 


The volume of fluid which flows in unit ti 
lary tube of radius R and length / w 


on the ends of the tube is py—p, equals 


me through a capil- 
hen the pressure difference 


1 . «nh 
=— X A (р, —р»). 1,46) 
V т 8l (Pi — Рз) ( 
The viscosity of fluids depends markedly on the temperature. 
TABLES 
Table 20 
Viscosity of Various Liquids at 18^ C 
1 x 10: A x 10° 
Liquid ше Liquid E NL 
Acetic acid... . 1.27 | Glycerine. . . «1.3893 
Асе(спе....... 0.337 | Machine oil, heavy 660 
AGUIRE ааа е 4.6 Machine oil, light . | 113 
BENTAN. ui ora 0.673| Mercury... .. . .. 1.59 
Bromine ...... 1.02 | Methyl alcohol 0.632 
Carbon disulfide . 0.382| Olive oil . . 90 
Castor oil |. . 1,200 Bentang. „еа. 0.244 
Chloroform . |. . 0.579| Propyl alcohol  . . 2.39 
Cylinder oil, dark . 240 оуа bean oil (30? C) 40.6 
Cylinder oil, refined Тошев... „ааа 0.613 
(40% бус”, +o £09 | Water. -.. ia. s 1.05. 
Ethyl alcohol а 1.221 | Желе gi. ee 0.647 
Ethyl ether... . . 0.238] ` 
Table 21 
Viscosity of Various Gases at 0°С 
n X 104 x 104 
Gas g/cm sec Gas Man sec 
Air (without CO,) . . 1.72 Hydrogen. . . . 
Атшопза.„.,....„ 0.93 Methane 
Carbon dioxide. . . . 1.40 Nitric oxide 
Carbon monoxide . 1.67 Nitrogen ..... 
Chlorine * 1.29 Nitrous oxide 
Helium . . . 1.89 Oxygen 
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Table 22 

Viscosity of Water а! Different Temperatures 
t; PC 0 5 10 | 15 | 20 |25|30|40|50 
WX 105 g/em sec |1.797|1,515|1,307|1,140|1,004|895 803|655|551 
16 60 | 70 | 80 | 90 100|110|120|130|140|150|160 
NX 105 g/em sec |470/107|357|317|284|256 232|212|196|184|174 
Table 23 


Viscosity of Glycerine, Castor Oil and Benzene 
at Different Temperatures (1 X 102 g/cm sec) 


t, °С 
а ve: | ж | жш | |70 | 800 ДР 
Liquid 
бепгепе 5 436|0.35010.261(0.111 
j —. lo.ze |0.65 | 0.56 0.4360. 350/0- 
Gister oil = [@1%|%вт7 | 455 | 122 | 49 | is loz 
Іусегіпе і2100|0:95011.480| 600 | 180 | 59 18 |o.22 
me ee 
Table 24 
Viscosity of Liquid Helium 
T, °K 4 0213.738|2. 315|2. 174? 1481 .988|1.762]1.304 
"X105 gem see | 2.98 | 2.75 | 1:97 | 1:95 | 795 0.960|0.356 0.124 
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Table 25 


Viscosity of Air at Different Temperatures and Pressures 
(1 X 107 g/cm sec) 


N 96 
100 0 


25 25 | 100 
p, atm 

837|2, 180 100 

86512,2092 200 

922|2 ,240| 300 


Table 26 


Viscosity of Some Metals in the Liquid State 


Metal C] 11 X 10? g/cm sec 
9 
Aluminium 0р 1520 
304 1.65 
Bismuth 451 1.28 
600 0.99 
441 2.11 
Lead 551 1.69 
844 1.18 
20 1 
50 1» 
200 1. 
Мегсигу 300 2 
400 0. 
500 0. 
600 0. 
103.7 0.69 
Sodium 400 0.25 
700 0.18 
2 1.91 
Tin 1.38 
i 600 1.05 


CHAPTER H 


HEAT AND MOLECULAR PHYSICS 


FUNDAMENTAL CONCEPTS AND LAWS 


The thermal state of a body is characterised by a quantity 
called the temperature. A change in the temperature of a body 
entails a change in almost all its properties (dimensions, density, 


elasticity, electrical conductivity, etc.). Е 
The temperature ой a body is related to the average kinetic 


energy of thermal motion of к * A 


its molecules. 

" emperature is expressed in 
different temperature scales. 
l'he most widely used is the Boiling point 
Centigrade (or Celsius) scale. ^ ofwafer 
he zero point of the centi- 

Srade scale is the point at which 

Water is in equilibrium with 

up the point 100* on the cen- 

igrade scale is the boiling 

ш oi water at standard 
atmospheric pressure. In ad- у 


ition to the centigrade scale / 
ШЕ Kelvin (or absolute) scale ofice 4 
ol frequently used; the zero и 
this scale is at —273.16° С, 40 


and the degrees are of the 

ue size as on the centigrade 
cale. The Réaumur ап 
ahrenheit scales are less Íre- 


Quently used. 
Fig. 16 shows the centi- |; 16. Centigrade, Réaumur 


Frade, Réaumur and Fahren- and Fahrenheit thermometer 
eit scales for comparison. scales. 
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1. Calorimetry 


When a body is heated its internal energy is increased. Thus, 
heat can be measured in units of work or energy. Historically, 
however, a special unit—the calorie—was adopled for measur- 
ing heat. 

The calorie is defined as the yey of heat required to raise 
the temperature of one gram of water one degree—from 19.5° C 
to 20.5° C. 

The kilocalorie (or kilogram calorie)— 1,000 cal=427 kgm= 
=0.24 joule. 

The quantity of heat required to raise the temperature of a 
body of unit mass from fy to 1(5-14--А/ is denoted by AQ. The 
mean specific heat in the given temperature interval (Һ-і) 


is defined as the ratio 54. The limit of this ratio 


С) = lim AQ 
° At At 


s, by definition, the true specific heat at the temperature to. 
The true specific heat depends on the temperature. However, 


that the true specific heat (or, simply, the specific heat) can 
be defined as the quantity of heat required to raise the tempera- 
ture of a body of unit mass from 7° С to (/4-1)* C at апу tem- 


, The quantity of heat Q absorbed by a body of mass m when 
its temperature is increased by А? equals 


0-стд1, (2.1) 


where с is the specific heat. The specific heat of a body also 
depends on the conditions under which it is heated. If the body 
is heated at constant pressure then Ср is defined as the specific 
heat at constant pressure. If the volume of the body does not 
change upon heating, then C, is defined as the specific heat at 
constant volume. When a body is heated under constant pres- 
sure, a part of the heat imparted to it is spent on tlie work of 
expansion of the body; hence, €p7 Cy. The specific heats с, and 
со for a substance in the solid state differ very little. 

For a given pressure there exists for every substance a definite 
temperature, called the melting point, at which the substance 
passes from the solid to the liquid state. Throughout this tran- 
sition the temperature remains constant. Upon melting a sub- 
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stance increases in volume (except for ice, cast iron and bismuth 
which decrease in volume). The quantity oi heat required to 
melt a body is given by the formula 


О =Ат, (2,2) 


where m is the mass of the molten body, and A is the heat of 
fusion. 

The heat о) fusion is defined as the quantity of heat required 
to convert unit mass of a solid at the melting point into liquid 
at the same temperature. When a liquid crystallises (solidifies), 
heat is evolved. e 

The heat of fusion is equal to the heat of crystallisation 2 

When a liquid is contained in an open vessel vaporisation— 
conversion from the liquid to the gaseous state—takes place 
continually on its surface. During vaporisation molecules escape 
from the surface of the liquid. Vaporisation which takes place 
not only on the surface, but within the liquid as well, is called 
boiling. A liquid boils at а definite (for a given external pres- 
sure) temperature. This temperature is called the boiling point. 
It remains constant throughout the process of boiling. Boiling 
requires the expenditure of a quantity of heat: 


Q=rm, 


where m is the mass of evaporated liquid and r is the heat of 
Vaporisation. р Р 

The heat of vaporisation is defined as the quantity of heat 
required to convert unit mass of à liquid at the boiling point 
into vapour at the same temperature. When a vapour or gas 15 
condensed (i. e., converted from the gaseous to the liquid state) 


neat i . 
The heat ol ed orisatioa is equal to the heat of ие 05. 
The boiling point and the melting point depend on the ex- 


ernal pressure. | ( 
Th i liquid from an open vessel can proceei 
Neri is converted into vapour. In а closed vessel 
evaporation proceeds until а state of equilibrium between the 
that of the vapour is reached. At 


Mass of the liquid ап E 
this stage evaporation and condensation compensate each 


ie 

i dies. A crystalline 
* Thi ystalli d polycrystalline bo гуча! 
Hedy is ane ОРЕН SUUS. are different in different ae tipia 
А body composed of Tiamerous crystals iS called polycrystalline. 
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other. Such a state of equilibrium is called dynamic, A vapour 
which is in dynamic equilibrium with its liquid is called a 


saturated vapour. 
vapour are determined by 


The pressure and density of a saturated 
the temperature. 


Beiling occurs at the temperature at which the pressure of 


the saturated vapour is equa 

The pressure and density 
while the density of the liquid 
ature. When a liquid is heat 


Temperatire 


Fig. 17. Temperature dependence 

of external (p), internal (о) and 

total (r) heats of Vaporisation for 
water. 


density, pressure and 
called critical values, 
The heat of va 


temperature increases the heat of va 


tion V). Fig. 17 shows the 


work 


ng tl the surface layer of the liquid (internal heat 
of vaporisation p), and the work i 


the vapour state 
dependence of r, p, and Y 


to the external pressure. 


of a saturated vapour increase, 
decreases with increasing temper- 
ed in a closed vessel the result 


will depend on the amount of 
liquid. If the quantity oí liq- 
uid is great, then upon expan- 
sion it will eventually occu- 
py the entire volume of the 
vessel. If the quantity of liq- 
uid is small, then at a certain 
lemperature it will evaporate 
completely. For a certain in- 
itial quantity of liquid in the 
vessel the ‘liquid and its 
saturated vapour will remain 
in equilibrium as the tempera- 
ture increases, up to a certain 
point, at which their densities 
become equal and the meniscus 
dividing them disappears. 
This state is called the crit- 
ical state, and the values of the 


temperature corresponding to it are 


performed by the molecules 


of expansion upon passing 
(external heat of vaporisa- 
on the tem- 


2. Thermal Expansion of Solids and Liquids 


A change in the temperature of solids and liquids is accom- 


panied by a change in their 


The length of a solid body at a temperature /° 


linear dimensions and volume. 
C (4) is determined 
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by its length at 0° C (Zo), the temperature (/) and the coeíficient 
of linear expansion (а): 


ц-і(14-аф. (9,4) 
The coefficient of linear expansion is defined as the mean (for 


the temperature interval from 0°C to ?°С) increase in unit 
length of a body for one degree rise in temperature 


OL ll 
mE 


Similarly, for the volume of a body 


y — v, (1+ BE), (2,5) 


where В is the coefficient of volume expansion. 

The coefficient of volume expansion is defined as the mean (for 
a given temperature interval) increase in unit volume of a body 

1 2-9 

lor one degree rise іп temperature (в =a па) ў 
‚ For an isotropic solid (а body whose properties are ihe same 
in every direction) p —32. А М 4 
. The coefficients of volume and linear expansion are expresse 
in l/degree. . 

The following formulas are more exact: 


Al=l(at+bt), = (+445). (2,6) 


Thus, the coefficient of linear expansion varies with the tem- 


perature range in which the body is heated. Ж! 
For example, for iron fj (1-117 10 7 7124-4. X 107 20, 
and the coefficjent of linear expansion of iron upon heating 
from Be Goo 7a C equals L.913:10 -5-J/tdeeres, SUIS ior te 
temperatura range 0° C780 C it equals, Tent © Cares 
When a body is heated its density changes. The density of 
à body at a temperature / is given by the formula 


Bora 2,7 
өзг: (2.7) 


where py is the density of the body at 07 C. andB is the coef- 
ficient oi volume expansion. 
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3. Transfer of Heat 


Heat can be transmitted by convection, conduction and radia- 
tion (see thermal radiation). 

Convection. In fluids temperature differences are evened out 
mainly by convection, by the flow of the fluid from a warmer to 
a colder region. Convection does not take place in solids. 

Conduction. Conduction is the transfer of heat brought about 
by the random motions of atoms or molecules. 

The quantity of heat transferred through a layer of substance 
of thickness / and cross-sectional area S having a temperature 
difference T,—T, on its planes in a time ¢ is given by 


Qoa Tar 5 (2.8) 


where 2, is the thermal conductivity, 

The thermal conductivity is defined as the quantity of heat 
transferred in unit time through a layer of unit thickness and 
unit cross-sectional area when the temperature difference be- 
tween the two surfaces of the layer is 1°, 

The thermal conductivity is usually expressed in 


kilocal dr cal In the first tl an 
ay Kruger ule ORA IM Й 1 1 и " 
m hour degree cm sec degree’ 1 Не first case, the q 


tity of heat. transferred is expressed in kilocalories when the 


thickness of the layer is expressed in m, Ше cross-sectional 
area in square meters and the time in hours. 


4. Surface Tension of Liquids 


The molecules in the surface of a liquid experience forces of 
attraction due to the remaining molecules, which tend to pull 


The force of surface tension is given by the formula 
F=äl, (2,9) 
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where / is the perimeter of the surface layer of liquid and а 
is the coefficient of surface tension. 

“Тһе coefficient of surface tension (or, simply, the surface ten- 
sion) is defined as the force acting on unit length of a rectilinear 
boundary of the surface layer of a liquid. 

The surface tension decreases with increasing temperature 
and vanishes at the critical temperature. 


5. Gas Laws 


The behaviour of most substances in the gaseous state under 
Ordinary conditions is described by the equation 


pox RT. (2,10) 


This equation is called the equation ор state оў an ideal gas or 
the general gas law (Clapeyron- Mendeleyev's equation). Here p 
is the pressure of the gas, v — the volume occupied by m grams 
of the gas, p — a mole (a mole or gram molecular weight of any 
Substance is an amount of that substance whose mass, expressed 
in grams, is numerically equal to the molecular weight), R— 
the universal gas constant, T — the temperature on the Kelvin 
Scale. This equation is valid (in the first approximation) for all 
Substances in the gaseous state, if the density is much less than 
the density of the same substance in the liquid state. 
he number of molecules contained in one mole is the same 
lor all substances and is called Avogadro's number (М); N= 
6.02 1023 mole” !. . | 
From equation (2,10) we deduce Gay-Lussac's law, Charles 
law and Boyle's law. For constant p and m (since R=const 
and р is constant for the given substance) 


1 

=m 

ИД 0 T 
Where oy and T, are the volume and temperature of the gas at 
C. Whence follows Gay-Lussac's law (the equation of an iso- 


baric process): 


1 
0--7 (1+9 г). (2, 11a) 
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For constant v and m we obtain Charles’ law (isochoric proc- 
ess): 


pp (1o grs t). (9,115) 


For constant T and m (isothermal process) we obtain Boyle's 
law: 
P301 = avs. (2,11c) 


The quantity 1/273.16 degree-!* is called the coefficient of 
volume expansion at constant pressure or the coefficient of, pres- 
sure change at cons tant volume of an ideal gas. For real gases at 
pressures close to atmospheric or greater, the respective coeffi- 
cients differ somewhat from this value. 

The density of a gas р may be computed from equation (2,10) 
if the pressure p, the temperature T and the molecular weight 
of the gas are known: 


e LM 12) 
P= = рт- (2, 
When a gas expands isothermally (at constant temperature) 
it performs work against the external pressure. This work is 
performed mainly at the expense of the heat absorbed from the 
surrounding medium. The temperature of the gas and the sur- 
rounding medium remain constant. When the gas is compressed 
it releases heat which goes off into the surrounding medium. 
When the volume of a given mass of gas changes without heat 
entering or leaving the system (adiabatic process) the relation 


between the pressure and the volume is expressed by the equa- 
tion of the adiabat: 


рор = const, (2,13) 
Ср 
where p= е” 


v 


6. Fundamentals of the Kinetic Theory of Gases 


From the molecular point of view a Баз consists of a huge 
number of freely moving particles (molecules or atoms). These 
particles are in constant motion with different velocities which 
change when the particles collide. 


* 1/273.16—3.661X 10-3, 
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The pressure of a gas is due to the impact of individual mole- 
cules on the walls of the container. It is equal to 


р - nmc?, (2, 14a) 
(9,145) 


m is the 


or p=nkT, 


where л is the number of molecules in unit volume, 


mass of a molecule, k= R is called Boltzmann's constant, T 


is the temperature on the Kelvin scale, and c is the root mean 


square velocity of the molecules. 4 4 
The roof mean square velocity of the molecules is defined as 


(or eae We a а 
МҮ V vito tost -+0 (2,15) 


Where n is the number of mol- 
ecules, and o, is the velocity E 
of the i-th molecule. 

The pressure of a mixture 
of ideal gases is equal to the 
sum of the partial pressures of 
he component gases. 
fi The partial pressure is de- 
ined as the pressure which 
each of the gases would exert 2 
if it alone occupied the whole 


volume: 
Fig. 18. Distribution of veloci- 
D—p34-- pa. Pn (2.16) Қа of nitrogen molecules at tem- 
peratures 20*C and 500*C. Um 
Where py, ps, ..., p, аге the most probable velocity at given 
partial pressures. A temperature, , M ED mean 
uius average hinetic energy 1 z 
of translational motion of the a ^ 
Molecules depends only on the temperature of the gas: 


molecules 
© 


with velocities Defweenv 


53 


and (ve 10 m/sec), percent 


Fraction of No 


Velocity V, misec 


pasar. (2,17) 


The molecules of a gas move with different velocities. Fig. 


18 gives the dependence of the fraction 
Velocities between о and v+4v, on the velocity. The velocity 


of molecules = , with 
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corresponding to the maximum of the curve in Fig. 18 is called 
the most probable velocity. 
The average velocity of the molecules is defined by the relation 


acc РГЕ. ж bas az eti 
аиан р... E (2,18) 


The average velocity isgreater than the most probable veloc- 
ity and less than the root mean square velocity. 

Some molecules, whose velocities are greater than the escape 
velocity, can escape from the upper layers of the atmosphere 
into interplanetary space. 

The atmosphere is a mixture of gases held by the field of grav- 
ity of the planet which it surrounds. The pressure of the at- 
mosphere decreases with increasing distance (h) from the surface 
of the planet. If it is assumed that the temperature of the atmos- 
phere is independent of the height, then 


р=ре КТ, (2,19) 


et, e—the base of the natural system 


In the ar i a 
can Pe та dp ihe foe case of the earth this formula 


^ — 8,0001og rz (2,192) 


where ft is the height in metres, T—273? К. 
U.S.S.R., scientific data 
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As the absolute humidity increases, the water vapour ap- 
ргоасһез the state of saturation. The maximum absolute humidity* 
at a given temperature is defined as the mass of saturated water 
vapour contained in 1 cubic metre of air. 

The relative humidity is defined as the ratio of the absolute 
humidity to the maximum absolute humidity at the given tem- 


perature, expressed in per cent. 3 
The thermal conductivity of a gas (7) is calculated by the 


formula 
1 
= DNavCol (2,20) 


where p is the density of the gas, Yay— the average velocity of 
the gas molecules, cy—the specific heat at constant volume, 


1— the mean free path. . 
The mean [ree path is defined as the average path which a 


molecule travels between successive collisions with other mol- 
ecules. The mean free path in a gas is given by the formula 


бэ а (2,21) 
Y 2ло?р' 


where о is the diameter of a molecule of the gas. 


* Under certain conditions supersaturation oi ihe vapour can set in. 
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Table 27 
Specific Heat, Heat of Fusion, Melting and Boiling Points 


Specific heat Melting Heat of TU 
Substance at 20°C, point, fusion, point, 
cal/g degree E cal/g °C 
Acetone... . . . 0.5 —94.3 - 56.7 
Aluminium... 0. 658.7 76.8 2,000 
Benzene. ..... 0. 5.5 30.4 80.2 
Вгавз....... 0. 900 = = 
Carbon disulfide . 0. —112 - 46.2 
Cast ігоп..... 0. 1,100-1,200 23.33 = 
Copper». ss 0. 1,083 42 2,300 
Ethyl alcohol 0 —114 25 78.3 
Ethyl ether 0 —116.3 27 34.6 
Fluoplastic-4 0.2 - - -— 
Glycerine... . . 0.2 -20 49 290 
(5018) 5,» a ce uo | 1,063 15.9 2,600 
Ice (#аї{ег).... 0. 0 79.7 100 
Ітоп . 0. 1,530 23-33 3,000 
Lead . 0. 327 5.36 = 
Mercury ..... 0. —38.9 2.8 356.7 
Methyl alcohol . . 0. —97 24 64.7 
Naphthalene . . . 0. 80 - 2.18 
Nickel" e ez. 0. 1,452 58.3-73 = 
Propyl alcohol . . 0. —127 20.7 96 
SINE 2.5.54. 0. 960.5 21 2,100 
Steel ... 0. 1,300-1,400 49 a 
TED. cst wine жы 0. 231.9 14 = 
Тошепе ..... 0. —95.1 17.2 110.7 
Vinyl plastic. . .| 0.271- — — = 
Wood: 
oak, 6-8% mois- 
ture content by 
weight ..... 0.57 - = = 
pine, 8% moisture 
content by 
weight 0.65 — - - 
Wood's alloy * . . 0.04 65.5 8.4 = 
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Table 28 
Change in Volume upon Melting 
Relative Relative 
change in change in 
Substance volume, Substance volume, 
AV, AV, 
v 7% 
Aluminium Ruhe 6.6 [ишт -<---> 1.5 
Antimony. ... —0.94 |Magnesium ...... 4.2 
Bismuth 2... 23:32 |Merury. -..... 3.6 
admium 2.2. 3774 |Potasium ...... 2.41 
Cesium .... 2.6 Silver. s. +99 4.99 
Gold ү { 5.19 |5бойшп......-. 2.5 
Ice (water) . —8:3 |Тіп 3 2:6 
Indium... 5 9.5 FANG .6»».2 5x: 6.9 
Table 29 


Speciflc Heat* of Various Solids (іп са1/6 degree) at 
Different t^ С 


a) True 


NENNEN  — — — 


Substance —200°| —100*| 0% 100° | 200° | 300° | 500° 
Copper .. 20: К 0.091 |0.0940.098|0. 101]0. 107 
Silica glass 2. ы 0:167 |0.199| — |0.244|0.266 
ЕЦ жык різ [Us қ 02056 |0:057|0.060| - |0.063 

b) Average 
Substance E 0?-100* | 09-200? | 0°-300° 
[к „а. 24 EO 0.087 0.093 0.096 0.097 
Silica glass. 2.11- 0.143 0.183 — 0.210 
Silver S 15532059 0.054 0.56 - 0.057 


* Tha ecific heats are expressed in 20-degree 
RESTE Br ai Water at 20° C is taken equal to unity). 


calories (the specific hea 


3. 1719 
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Table 30 


Specific Heat с, of Water (in cal/g degree) at Different 1°C. 


= Tempera- Tempera 
Te fp ture Ср iure ср 

0% 1.0104 | 40° 0 9984 70° 1.0014 
59 1.0063 | 35° 0.9984 75° 1.0020 
10° 1.0033 50° 0.9990 80° 1 0027 
15° 1.0013 60° 1.0001 90? 1.0041 
20* 1.0000 65* 1.0007 100° 1.0056 
30° 0.9986 

Table 31 


Specific Heat с, of Liquid Ethyl Alcohol (іп cal/g degree) a! 
Different Temperatures and Pressures 


Temperature, 
°C 


Pressure, 
g/cm? 


10 0.38 |0.428|0.476|0.525|0 576|0.626|0.678 
60 0.379|0 425/0 472/0 519|0 568|0 617|0.666 
Temperature, 
°C 


80 100 120 140 160 180 200 


Pressure. 
kgiem? 


110.784|0,840|0.895| — == = 
6|0 767/0.820|0.874|0 930/0 999| 1.09 


10 0 
60 0 
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Table 32 


Specific Heat of Some Gases at 1 atm (in cal/g degree) 


5 

Í 

z Ox yge i Carbon Water Ethyl 

5 xygen ш dioxide vapour alcohol 

8 

Е 

EY] ср |ср/се | бр 2 ср [7 ср |а/а) <р |©р/% 


Specific Heat с oi Air at 20 kg/cm? 


Temperature, | 0 | so | 100 | 150 | 200 | 250 


NEL BE NM NE MET шен Е ee 


0.2463|0.2468|0.2471 


0.247|0.2466 


Ср, cal/g degree |0.2492 0.248 


Table 34 


Specific Heat с, of Carbon Dioxide at 65 kg/cm? 


50 75 100 | 125 


Temperatures 25 30 
ees ПАР | a тына es 
Cp cal/g degree ... 1.375 [0.7960 0.4043] 0.324 | 0.291 10.2748 

тереге, | 150 200 250 300 600 
ép.cal/g degree ara| 0/2679 | 0-2622 | 0.2028 0.2656 | 0.2889 


MER ONERE Ere SS eee 
3* 
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Table 35 


Vaporisation at Boiling Point and Standard 
pum R Atmospheric Pressure 


Heat of Heat of 
ү isa- Subst vaporisa- 
substance tion. cal/g каара, tion, cal/g 
i ce са 125 Liquid hydrogen . . . 108 
ps bed epis 91  |Liquid nitrogen 47.6 
Benzine,aviationgrade 55-75 Liquid oxygen... . 50.9 
Carbon disulfide. . . 85 МЕТЕШу 55.05. 68 
Ethyl alcohol .... 202 Methylalcohol . . . . 265 
Ethyl ether ..... 83.8 | Propyl alcohol . . . . 163 
Kerosene ....... 50-55 Toluene... . қ 87 
Liquid helium .... 6 Water; 4.5 25.5 rp 539.7 
1 
Table 36 
Heat of Vaporisation of Carbon Dioxide at Different 


Temperatures 


Temperature, Heat of vapori- Temperature, | Heat of vapori- 
e sation, cal/g is sation, cal/g 


—50 80.6 0 56.5 
—40 76.5 20 37.0 
—30 72.5 30 15.0 
—10 62.5 31.1 0.0 
w—-———— ы ee ы-і сы” ы. 
Table 37 


Equilibrium Densities of Liquid and Vapour. 
Ethyl Alcohol 


Temperature, Density of Density of satu- 
о Pressure, atm a rated vapour, 
c liquid, g/cm g/cm3 
——É—Á 1 =. 
78.3 1.00 0.7365 0.00165 
90 1.562 0.7251 0.00250 
140 7.486 0.6631 0.01152 
170 15.61 0.6165 0.02446 
190 23.94 0.5782 0.0397 
200 29.2 0.5568 0.0508 
210 35.31 0.5291 0.0655 
220 42.38 0.4958 0.0854 
230 50.53 0.4550 0.1135 
240 59.92 0.3825 0.1715 
243.1 63.1 0.2755 0.2755 
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Table 38 


Equilibrium Densities of Liquid and Vapour. Water 


Density of Density of saturat- 


Temperature, 
°С liquid, g/cm? ed vapour, g/cm? 


Pressure, atm 


0 0.00623 0.00000484 
50 0.126 0.0000834 
100 1.033 0.000598 
150 .854 0.00255 
200 57 0.00787 
250 6 0.0199 
300 1 . 0.0463 
330 .18 . 0.0772 
350 58.63 2 0.1135 
360 . 0,1442 
370 1.68 0.203 
374.15 .65 . 0.307 

CEN NN тікен. ты карта тай 


Table 39 


Critical Parameters 


КИЕ ғ. Le E 


Critical Critical | Critical 
Substance tempera; | pressure, density, 
ture, °С atm g/cm? 
Acetic TOP DIET ЯШ 321.6 57.2 0.351 
Acris oe 235 47 0:268 
Benzene . ké 288.6 47.7 0.304 
Carbon dioxide ... + 31.1 73 0.460 
Ethyl alcohol .. «ttt 243.1 63.1 0.27 
Нейшп... тт ан EL 2.26 0.069 
Hydrogen ug —239.9 12.8 0.031 
Methane . . Ен 45:8 01162 
Methyl alcohol . . + + ар B 78.7 0:272 
Naphthalene .. . · - E a 468.2 39.2 - 
Nitrogen Pris D 147.1 33.5 0.311 
Oxygen. . E —118.8 49.7 0.430 
Propyl alcohol . 263.7 49.95 0.273 
Toluene. . 320.6 41.6 0.292 
Water 374.15 | 222 0:307 


we Oo сал, ен 


сн. 
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Table 40 


Properties of Saturated Water Vapour 


Pressure, Temperature, Specific volume Heat oi vapori- 
kg/cm? °С of vapour, m?/kg sation, cal/g 
2 .2 68.3 
9203 .4 14.96 
0.2 7 7.8 
0.4 4 4.071 
0:6 245 2.785 
0.8 .0 2.127 
0.9 .2 1.905 
1 $) 1.726 
1.0333 100 1.674 
1.23 105 1.42 
1.8 116.3 0.996 
2 119.6 0.902 
3 132.9 0.617 
4 142.9 0.4708 
5 151.1 0.3818 
6 158.1 0.3214 
7 164.2 0.2778 
Б] 169.6 0.2448 
9 174.5 0.2189 
10 179.0 0.1980 
12 187.1 0.1663 
14 194.1 0.1434 
16 200.4 0.1261 
18 206.2 0.1125 
20 211.4 0.1015 
30 232.8 0.0679 
40 249.2 0.0506 


4 Table 41 
Coefficients of Volume Expansion of Liquids f 
at about 18°C 
Bx 10* x10! 
Substance l/degree Substance 105 
ВОПС s dcc scs а 14.3 Methylalcohol . . . . 11,9 
uniri ANM UE 8.5 Nile О 2.5 12.4 
BenzZelie. « eod ny 10.6 Péiroleutn 22-2... 9.2 
Carbon disulfide... 11.9 Propyl alcohol 9.8 
Chloroform ...... 12.8 Toluene. . 10.8 
Ethyl alcohol 11.0 Turpentine ...... 9.40 
Ethyl ether 16.3 Water at 59-109 0.53 
Formic acid 10.2 Е * 10°-20° 1.50 
Glycerine . 5.0 з * 20°-40° 3.02 
Кеко5Ейе-. 22.2... 10.0 E * 409-609 4.58 
МӨГСИЕУ oue chen 1.81 е) 7 602-809 5.87 


TABLES 7 
Table 42 

Coefficients of Linear Expansion а of Solids at about 20°С 

Substance ах10" Substance ах10° 
Айштїйит...... 99;9 Iron, cast ға 10.2 
Bismuth ....... 13.4 Ітоп, pig /...... 10.4 
POSS! EE 18.9 Iron, wrought. . . . .| 11.9 
Brick masonry... . - 5.5 Lead... -- жез >|) MSS. 
Bronzed oc. ее Жее 17.5 Magnesium ..... 25.1 
Carbon (graphite) 7:9 Nickel .. ia 13.4 
Cement and concrete 12.0 Platinum ЕТТЕ 8.9 
Сопѕќапіап . . . . · - 17.0 Platinum-iridium alloy 8.7 
Copper... 16.7 Porcelain .......]| 3-0 
Diamond 0.91 | Quartz (шей). .... 0.5 
Duralumin . . 22.6 Steel 3 (grade 20)... 11.9 
Ebonite: is. ai... 7 Steel, stainless ....| 11.0 
German silver » 18.4 МИЕ" z 5| Slt 
Glass, ordinary К 8.5 ||Tungsten ....... 4.3 
Glass, pyrex " 3 Vinyl plastic. ..... 70 
Gold RE 14.5 Wood (across grain) 50-60 
Granite. oo sx ТЕ 8.3 Wood (along grain) . - 2-6 
Ice(from —10°C (o 0°С) | 50.7 ZG xA у ж-о са ае 30.0 
Iridium V 6.5 


NP рамен ате лы а есет: 


$игїасе Tensio 


Table 43 


n of Liquids at 20°C 


Же соте ee үү сес 


Substance 


Suríace 
tension, 
dynes/cm 


Substance 


Surface 
tension, 
dynes/cm 


ee quat желе е. = 


Acetic асій.....- 
Acetone. . 
Aniline . 

Benzene .. 
Butyric acid . 
Castor oil Es x 
Ethyl alcohol 

Glycerine . . . 
Kerosene 


Methyl alcohol 2.22. 


27.8 e 

23.7 Nitrobenzene .. « « - 
42.9 Olive oil ser але > 
29.0 Petroleum +++. 
27.2 Propionic acid 2 
3 Propyl alcohol . Е 


Тошепе..... 
Water 


22.6 

43.9 
33.06(18°C) 
26 
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Table 


44 


Surface Tension of Water and Ethyl Alcohol at Different 


Temperatures (in dynes/cm) 


Tempera- 
ture, °C 
0 30 60 90 120 150 
Substance 
Ethyl alcohol 24.4 |21.9 |19.2 |16.4 | 13.4 | 10.1 
у < is rar stay s mm 75.6 |71.18]66.18]60.75| 54.9 | 48.63 
Tempera- 
ture, °C 
180 210 240 300 370 
Substance 
Ethyl alcohol .... 6.7 3.9 " == = 
Water icr sc mmis qe 42.25 35.4 «x 14.40 | 0.47 
—— — СМ NN 
Table 45 
Surface Tension of Metals in the Liquid State 
°, Surface tension, 
Metal Temperature, °C dynes/cm 
Aluminium 750 520 
300 376 
Bismuth 400 370 
500 363 
350 442 
Lead 450 438 
500 431 
20 465 
112 454 
Mercury 200 436 
300 405 
354 394 
100 206.4 
Sodium 250 199.5 
200 526 
Ж 4 518 
E 500 510 
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Thermal Conductivities 


73 
Table 46 


Moisture Thermal conduc- 
Substance content, tivity, 
% of weight |kcal/m hr degree 
Metals 
Aluminium = 180 
БАРЫ суо 5 vey ваг = 13.5 
Cast iron... . = 54 
Copper cee wees = 335 
Sold «wieso из 204) 
n PME ME - 64 
Ману ss eis oie ix: 25 
SIVEE уал» жж = 890 
Steel = 99 
Insulating Materials 
Asbest а Air dry 0.135 
Miete explant a 0.043:0:08 
Asbestos paper . . . пе 50015 
Foam concrete . . . EET 
Foam glass d 0.063-6.092 
Foam гебіп..... А 00372005 
Furnace slag... . + 0520-2202 
? Upor \пегорегонзүги И 0505 
ssboa а "a 
Дору : pu 
Other Materials А 
Bakelite i y ЫК 
Brick ian : air, dry 0:13:0:30 
Са A nin. 
кү ee езен 15-20 0:6.0.8 
Сопегее, reinforced " 5 i 
crete 
Gorkboard ron Ё О 
Fluoplastic-3 . . = 0.2 
Fluoplastic-4 . . = 0:64 
Glass, ordinary Es 1:89 
Granite . . а 0.31 
Gravel 1111. air dry 1:9 
се m 2 
Spes d 0.12-0.14 
Leather |): | SE 0.17-0.18 
ak, across grain 6.8 0.3-0.37 
Oak, along grain 0.12 
Paper, ordinary air diy 0.12-0 14 
Pine, across grain 8 0.30-0 35 
Pine, along grain 0.68 
PUn. ets E 0:60 
Slag concrete . = 0.108 


Vinyl plastic 
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Table 47 
Coefficients of Pressure Change of Gases at Constant Volume 


Gas 


Hydrogen 


Helium 


Nitrogen 
Oxygen 


Coefficient оі 
pressure 2 
changex 10° |3.674 | 3.802 | 3,726 | 3.660 |3. 662 | 3.674| 3.674 


Table 48 


Thermal Conductivities of Liquids at Various Temperatures 
(in kcal/m hr degree) 


Temperature, °С 


Substance 
0 | 50 | 109 


Acetone 
Aniline 
Benzene 


Glyrerine 2:2... 
Methyl alcohol 
Toluene 
Vaseline oil 
Water 


ш 

< 

Е 

z 

E 
сооо оо со 
ooooocoooo 


NAS оо тото шо 
ooo o сосо 


Table 49 


Thermal Conductivities of Some Gases at Standard 
Atmospheric Pressure 


" а Thermal conductivity, 
Substance Ténipscature, ca keal/m hr 
egree 
20 


Argon ...... 41 
Carbon dioxide . 20 
Helium x M 43 
Hydrogen ё x 15 
Methane ..... 0 
Nitrogen ...... 


ч 15 
Oxygen lera m 20 
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Table 50 


Dependence of the Lifetime of the Planetary Atmospheres 
on the Escape Velocity 
Age of earth 3x107-4x 109? years 
ve 


ә өзсаре 4 
age 


Lifetime (years) | 50x10* 


га 
БТА 


м » 
F o, eune” n 
Height, m ‚ф/ Temper “Ж 
“ы » st pene 
9 1 1 15 
1,000 0. 0.907 8.5 
2.000 0. 0.822 2 
3,000 0. 0.742 —4.5 
4,000 0. 0.669 ER 
5,000 0. 0.601 1145 
6,000 0 0.538 —24 
7,000 0. 0.481 —30.5 
8,000 0. 0.428 -37 
9,000 0. 0.381 —43 
10,000 0. 0.337 —50 


Table 52 


Diameters of Molecules 


Diameter of 


Dist mere 
Sub: of molecules, Substance molecules, 
кише dx10* ст dX10* cm 
Argon ока. «o 2.9 Krypton .. + + - 3.14 
Carbon dioxide 3.3 Mercury ....,. 3.0 
Carbon monoxide 3.2 Nitrogen ....- 3.2 
Helium 1.9 Oxygen. «en 2.9 
Hydrogen 2.4 Xenon ...... 220 


Note. The diameters of the molecules have been computed irom 
he viscosity of gases. 


the results of measurements of t! 
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Table 53 
Heats of Combustion of Some Fuels 


t of heat evolved by the combustion of unit mass (or 
inii MEO) ot a fuel is called the heat of combustion. 


Fuel Heat of Combustion 

Solid 
Anthracite (grade АП) ........... 7,240 kcal/kg 
ОШЕН „ж-з © > 5 X 1 Y 2S 1T EE TT. 7,100 " 
CDRIBIAQEJI) so me om BEA Dae oes 4,900 " 
Dyttamite(75%), ........ь.. wd moe 1.290 м 
ІЗНПБӨОЛШЕР а отеди къз ез» а T 720-750 x 
pest MRIS) 5.22 a rm mc aie ы ая 2,560 = 
Shales (Esthontai) «<6 + ape ou aw зз 2,300 * 
к: me e РАР. v eee 2,400 5 

Liquid 
BÉnzine ч» сказ бақы Ут 10,600 т 
BACH ONL а e Ed + ж жее а 9,400 ч 
Eip NEONO 2 5.25 жаа rro 6,470 x 
I л. аео аав ж аэ э алые өле 10.300 M 
Ligroin smesan nomes 10 500 z 

Gas 
Carbon monoxide ......... mum = аө 3.100  kcal/m* 
Coke oven паз.............. .. 3,800-4,500 * 
Hydrogen .................. 2,580 * 
Jüuminatinge gas. 2492x699. 4,200-5,000 ° 


Natural ds; saw sss m meg 8.500 * 


TABLES 7 


Table 54 
Psychrometric Table of Relative Humidity of Air 


Reading of Difference between readings of dry and wet bulb 

dry bulb thermometers, *C 

thermome- 

шс |%9111|>1|313|5|6|7|8|91|0 
0 100 | 81 | өз |45|28|11|] — | [= |= |— 
2 100| 84 | 68 |51|35|201- |— | — | — |- 
4 100| 85 | 70 |56|42|28| 13 | | — | — |— 
6 100| 86 | 73 |60|47|35| 23 | 10 | — | — |— 
8 100| 87 | 15 |63 [511401 238 | 18] 7| — |— 
i0 100| 88 | 76 |65|54|44| 34 | 24 | 14 | 4 |- 
12 100| 89 | 78 |68|57|48| 38 | 29 | 20 | 11. |— 
14 100] 90 | 79 |70|60|51| 42 | 33 | 25 | 17 | 9 
16 100| 90 | 81 |71|62|54| 45 | 37 | 30122 |15 
18 100| 91 | 82 |73|64|56| 48 | 41 | 34 | 26 |20 
20 100| 91 | 83 |72 [66| 59| 51 | 44 | 37 | 30 |24 
22 100| 92 | 83 |76 |68 |61| 54 | 47 | 10 | 34 |28 
24 100| 92 | 84 |77|69|62| 56 | 49 | 43 | 37 31 
26 100| 92 | 85 | 78 71|63| 58 | 50 | 45 | 40 |34 
28 100| 93 | 85 |78|72|65| 59 | 53 | 48 | 42 |37 
30 100| 93 | 86 |79|73|67| 61 | 55 | 50 44 |39 


ermined by means of a psychrom- 
which consists of two thermom- 
her with a bulb covered by 


Note. The relative humidity is det 
eter (wet and dry bulb hygrometer) 
eters, one with a dry bulb and the ot [ 
à piece of wet material. In order to determine the relative humidi- 


{у from Table 54, find the intersection of the column corresponding 
{о the measured difference between the readings of the wet and dry 
bulb thermometers, and the line corresponding to the reading of the 


Table 55 


e and Free Path of Nitrogen Molecules in 


Density, Pressur 
the Earth's Atmosphere 


Height. Pressure, Density, Free path, 
km mm Hg g/m? ст 
NNNM E D e 
0 160 1,220 6.5х10-% 
10 210 425 1.9Х10-% 
20 42 92 8.6х10-% 
30 9.5 19 4.2Х10-“ 
40 2.4 4.3 Чан 
50 7 0-1 1. 1х10- 
80 75510: 2.5X10-? 3.2x10-! 
120 8.5x10-* 5.0х10-% 1.5102 
160 2X10-* 1.5х10- 5X103 
HUE o — а кана никел 


CHAPTER ІП 
MECHANICAL OSCILLATIONS 
AND WAVE MOTION 


FUNDAMENTAL CONCEPTS AND LAWS 


1. Harmonic Motion 


Motions (or changes of state) which to a certain extent repeat 
themselves at regular intervals of time are called in physics and 
engineering vibrational or oscillatory motions (vibrations or 
oscillations) 

For example, in the oscillations of asmall ball attached 
to a string the displacement of the ball to either side of the 
vertical position is continually repeated. 

‚И the oscillations involve a change only of mechanical qua 
tities (displacement, velocity, density, acceleration, etc.). 
Шеп we speak of mechanical oscillations. 

Periodic oscillations are oscillations in which each value of the 
variable quantity is repeated an endless number of times at 
regular time intervals. The smallest time interval T which 
elapses between two successive repetitions of some value of the 
variable quantity is called the period of oscillation. 


L3 


The reciprocal of the period у=-т is called the frequency. 


The unit of frequency is the hertz, or cycle per second (cycle/ 
sec). The hertz is the frequency of periodic oscillation whose 
period is 1 sec. : 

Harmonic motion is defined as periodic variation cf a quantity 
which can be expressed as a sine or cosine function: 


х= А sin (of 4- Фф). (3,1) 


The positive quantity A in (3,1) is called the amplitude of 
harmonic motion, (ot--q)—1he phase (or phase angle), p—the 
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epoch angle, œ — the cyclic (or angular) frequency; 


9. 
TA (3,2) 


The phase of harmonic motion determines the value of the 
variable quantity at any given moment of time. The phase is 
expressed in units of angular measure (radians or degrees). The 
55 ші frequency is measured in radians рег second (radians/ 
sec). 
Ап example of harmonic motion is the projection onto the x 
(or y) axis of the motion of a particle which is in uniform circu- 
lar motion with an angular velocity o (Fig. 19). For particles / 
and 2 the displacements of the projections are, respectively, 


ху== В sin а= А sin wt, 
xa =R sin (4+ ф) = А sin (f+ Ф). 


Oscillations with the same frequency but different phase 
angles are said to be out of phase (or to have a phase difference). 

The difference between the epoch angles is called the phase 
difference. The phase difference between two oscillations of the 
same frequency is independent 
of the choice of the zero of 
time. For example, the phase 
difference between the projec- 
tions of particles / and 2 (Fig. 
19) is «р for any arbitrary zero 
of time. 

Harmonic motion is pro- 
duced by the action of a restor- 
ing force. A restoring force 15 
а force which is proportional 
m magnitude lo the displace- Fig. 19. Harmonic motion of pro- 
ment of the body from the јесіїоп= of balls describing uni- 
equilibrium position and is al- form circular motion. 
ways directed towards theequi- . z қ 
librium position. The mathematical expression of a restoring 


foi i 
ics F=—kx, (3,3) 


where k is a coefficient of proportionality called the restoring 
force constant, x is the displacement, and {һе minus sign denotes 
that the force is directed towards the equilibrium posilion. 
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Any kind of periodic motion can be represented to any degree 
of approximation by a sum of simple harmonic motions*. 


2. The Pendulum 


А physical pendulum is a rigid body which is supported at 
some point above its centre of gravity. A body thus supported 
can perform oscillations. The pendulum is called a simple (or 
mathematical) pendulum if the entire mass of the body can be 
regarded as concentrated in one point. А sufficiently close approx- 
imation of a simple pendulum is a small ball (called a pendu- 
lum bob) attached to an inextensible string, if the friction of 
the air and the pendulum support are negligible, and the dimen- 
sions of the ball are small compared with the length of the string. 
For small angular displacements the oscillations of a simple 
pendulum may be considered harmonic. 

The period of the simple pendulum is given by the formula: 


Т--?л үт. (3,4) 


where / is the length of the pendulum, and g is the acceleration 
of gravity. 

_ The oscillations of a bob suspended from a spring can be con- 
sidered harmonic if the amplitude of oscillation lies within the 
limits of validity of Hooke's law (see p. 43) and frictional 
forces are negligible. 

The period of the bob is 


Ty m 
Т=?л y T (3,5) 


where mis the mass of the bob and kis the coefficient of elas- 
ticity of the spring, equal numerically to the force required 
to stretch the spring by 1 cm**, 

A torsional pendulum is a body which performs rotary-oscil- 
latory motion under the action of a spring (for example, the ba- 
lance wheel in watches and clocks). Under certain conditions 
(when the amplitude of oscillation is sufficiently small and fric- 


* It is shown in mathematical analysis that any periodic motion 
can be represented by an infinite sum of harmonic motions, called 
a harmonic series. 

** Formula (3,5) applies not only to the case of a bob suspended 
from a spring, but also to all cases for which the relation (3,3) 
is valid. 
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tional forces are negligible) such motion can also be considered 
патоп; The period of а torsional pendulum is given by the 
ormula: 


J 
Т--2л y з (3,6) 


where J is the moment of inertia of the body about the axis of 
rotation, and D is the forsional rigidity, equal numerically to 
the torque required to turn the body through unit angle. 

The period of a physical pendulum is the formula: 


J 
T=2 mga’ (3,7) 
where J is the moment of inertia of the body about an axis pass- 
ing through the point of support, a—the distance from the 
centre of gravity to this axis, m—the mass of the body, and g— 
the acceleration of gravity. 


3. Free and Forced Oscillations 


The oscillations which a body performs when it is in some way 
displaced from equilibrium and then released, are called free 
(or natural) oscillations. 1 

If the free oscillations of a body are caused only by a restoring 


force, then they will be harmonic. 4 у 
The oscillations ої а body due to the simultaneous action 


of a restoring force and a frictional force (which is proportional 
to the instantaneous velocity, Frric=—/*,, where 0 is the 
velocity) are called аатрға oscillations. The equation of 


damped oscillations has the form 
x= Ает? sin (ot 4-9). 
A is called the initial amplitude, 6— 


tthe instantaneous value of the am- 
e—the base of the natural 


The positive quantity 
the damping constant, Ав” 
plitude, o—the angular frequency, 
system of logarithms; 


r 
=; 3, 
$ 2m’ 6:83) 
RER 
= — —4-3* 3,8b 
oe V 4m? ( ) 


* The minus sign 4 
oppositely directed. 


notes that the velocity and the force are 
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where г is the frictional force constant, m—the mass of the body. 
and k—the restoring force constant. р 

Damped oscillations аге depicted graphically by the curve 
in Fig. 20. 

Тһе oscillations ой a body under 
the action oi periodic driving force 
are called forced oscillations. 


Amplitude of forced oscillations 


- 
Natural Серет 
heneng of aree 
Fig. 20. Damped oscillations. Fig. 21. Resonance curves: 
1 —weak damping, 2— strong 
damping. 


When the period of the sinusoidal driving force approaches 
the period of natural oscillations of the body, the amplitude of 
the forced oscillations increases sharply (Fig. 21). This phenom- 
enon is called resonance. 

If the frictional forces are large (strong damping), then the 
resonance is weak (see Fig. 21). 


4. Sound 


Sound is produced by the mechanical vibrations of elastic 
media and bodies (solid, liquid and gaseous) with frequencies 
ranging from 17-20 to 20,000 vib/sec. Within this range of fre- 
quencies mechanical vibrations can produce the sensation of 
sound in the human ear. Mechanical vibrations of frequency be- 
low 17 vib/sec are called infrasonic (or subsonic), vibrations of 
frequency above 20,000 vib/sec are called ultrasonic. 

Every musical sound is characterised by loudness and pitch. 
The loudness of a sound depends on the amplitude of vibration, 
the pitch—on the frequency. 


5. Wave Motion 


Wave motion is the propagation of a disturbance of some kind. 
For example, if we strike one end of a metal bar, a local compres- 
sion arises at that end and passes along the bar with a definite 


velocity. 
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The velocity with which the disturbance advances is called 
the wave velocity. The velocity of mechanical waves depends 
on the properties of the medium, and in e-enses on the fre- 
quency. The dependence of the ways ity c Ape: trequency 
is called dispersion of the velocj S 

When mechanical waves ar 
particles of the medium vibr 
The velocity of the particles 
ty of vibration. f UE. 

If, when waves are ргорав ед, in a medium, the рагатей TS 
characterising the medium (ЮА exai plé, density, particle dis- 
placement, pressure, etc.) var а ап arbitrary point in-space 
according to a sine function, 


«waves are called sine waves. 
An important characteristic О 


site зуатев із the wavelength. 
The wavelength (À) is defined as We distance, travelled by the 
wave in one period: Ы 


"- Р йы ку 
ropagated in a.medium the 
gbout^ equilibrium positions. 
edium is.called the оё/осі- 


=T, (3,9a) 
(3,9b) 


where с is the wave velocity, v—the irequency, and T—the 


period. | 
The mathematical expression 


] t 
х= А біп o (4-4). 


which describes the variation of some parameter of the medium 
through which sine waves are passing is called the equation of 


plane harmonic waves *. к 
the amplitude of the wave, o—the cy- 


In this ex ion A is ДЕЛЕ 
єнє. п ма distance from the source initiating the 
wave to the point of interest in the medium, v—the velocity of 


YN 
the wave; the expression © | f —7 iscalled the phase о) the 
wave. қ А : 

The surface, obtained by connecting all points which have 


E led a wave front. Tos 
Y s of the wave front we distinguish be- 


| and spherical waves. 


а common phase, 
According to the sha 
tween plane, cylindrica 


s М neter characterising the state of the 
* Here x denotes апу parant perature, etc.)- 


medium (for example, pressure. t 
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We distinguish between longitudinal and transverse waves. 
depending on how the particles oí the medium are displaced 
with respect to the direction of propagation of Ше wave. 

In a longitudinal wave the particles of the medium oscillate 
in the direction of propagation; in a transverse wave they oscil- 
late perpendicular to the direction of propagation of the wave. 
Mechanical waves in liquids and gases are longitudinal. 

The velocity of longitudinal waves in a rod is given by the 


formula: 


where Е is Young's modulus and p is the density. 
The velocity of longitudinal waves in a solid, the transverse 
dimensions of which are much greater than the wavelength, is 


=E Г-н 
Е үз * (Ey ü—3gy (3,10b) 


Where p is the density of the medium, E— Young's modulus, 
and ш—Роіѕѕоп'ѕ ratio (see Table 17). 


The velocity of longitudinal waves in fluids is given by the 
formula: 


— 
T 
u= =, 3,11) 
" ppi ( 
[4 
where B, is the isothermal compressibility *, y =. 
v 


The velocity of transverse waves is given by 


i y 3$. (8,19) 


where G is the modulus oí shear. 
The velocity of sound waves in gases is expressed by the for- 


mula: 
= р 
Usound = Wr p’ (3,13a) 
Ср 


where y ==, and p is the pressure. 
v 


* For compressibility see p. 43. Isothermal compressibility —com- 
pression takes place at constant temperature, 
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Formula (3.13) applies to ideal gases, in which case it can be 
written in the form: 


Т 
"sound = Ж (3,13b) 


Waves on the surface of a liquid are neither transverse, nor 
longitudinal. The particles of a liquid describe more complex 
motions in surface waves (Fig. 22). 


Fig. 22. Trajectories of particles of water in surface waves: 

a) shallow water, 6) very deep water (very large ratio 
enh 

ш ‚ €) very shallow water (very small ratio "ARAS 


X 
The velocity of surface waves * is given by 


gÀ , 2л® 
Cur = ont 3o" (3,14) 


where g is the acceleration of gravity, A—the wavelength, a— 


the a ion, and p—the density. wk 
edi (ia) applies [e the depth ol the liquid is not 


less tl x t 
Whee he depth of the liquid A is less than 0.5), the velocity 


is expressed by the formula: || 
vsu = V gh. (3,15) 


Wave motion is accompanied by the transfer of energy; the 
Particles of the medium, however. are not carried along with 
ЮТ waves оп a liquid-gas interface, when 


ФЕ lies to 
the pate at ent is much greater than that of the gas. 
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the wave but only oscillate about their equilibrium positions 
(if the waves are of small amplitude and the medium is non- 
viscous). 

The mean quantity of energy transmitted per second across 1 
square centimeter perpendicular to the direction of propagation 
of the wave is called the intensity of the wave. 

Intensity is expressed in watis/cm? or ergs/cm? sec. 

When mechanical waves travel through a medium the ve- 
locity and acceleration of the particles of the medium vary 
according to the same sine law as does the displacement. 

If the amplitude of displacement of the particles is xy when 
a sine wave of cyclic frequency œ passes through the medium. 
then the amplitude of vibration of the particles will be 


Up — 0х0, (3,16) 


Ше amplitude ol acceleration of the particles 


ар = өз), (3,17) 
and the intensity of the wave 
1 ° 
fas peus, (3.18) 


where p is the density of the medium, v—the wave velocity. 
and ug—the maximum velocity of vibration oi the particles. 

The maximum increase in pressure in the medium (Ap,) due 
10 the propagation of sound waves is called the sound pressure. 
The following relation exists between the sound pressure and 
the maximum velocity of vibration of the particles: 


Apo = роц. (3,19) 


The intensity of sound corresponds to the subjective sensa- 
tion of loudness. Below a certain minimum intensity, called 
the threshold of, audibility, sound is no longer audible to the 
human ear. The threshold of audibility is different for sounds 
of different frequencies. Sound of great intensity produces à 
painful sensation in the ear. The smallest intensity of sound 
causing such a sensation is called the threshold of feeling. 

A change in intensity (intensity level) is expressed in dec! 
bels (db). 

The intensity level B of a sound is defined as 
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As a rule, in acoustics / is taken equal to 107? erg /cm?sec, 
which is approximately equal to the threshold of audibili- 
ty at 1,000 c /sec. 

Mechanical waves, like electromagnetic waves (see Chap- 
ter V: Optics) undergo reflection, refraction, diffraction and 
interference. 
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Table 56 


Velocity of Sound in Pure Liquids and Oils 


Tempera- Tem perature 
Liquid ture. °C mic pM 


А 


Velocity, 
m/sec 


Pure liquids 


Acetone Ios 
1.326 
1,180 
1,923 
1,399 
1,451 
1,193 
Ordinary water... -- 1,497 с 
Seo Waler x eine se 1.510-1.550 2 
Oils 
Cedar nut 2... lee 29 1,406 = 
Eucalyptus 2121101: 29.5 010 Е 
азопе......... 34 _ 11772 р 
lemp веед........ 31.5 11295 = 
Kerosene sls t M 1381 = 
UNE оза Gite Ma аа в в 32.5 1. 2 
Peanut ,.... se . 31.5 1150 - 
Нарезеед......... 30.8 11342 = 
Spindle 2........ 32 1:425 - 
transformer ....... 32.5 « 


iqui vith a rise in 
Note. e sound in liquids decreases w 
emperature (with the Cheption of water). The Wea Ea tampana. 
tures other than those given in the table can e сотр ba from ike 
ormula: ogzv, |1-ға (4-00), where v, is the Re ШУ уел in the 
fable ud temperature posu ore fat which the velocity is 
мыз » liquids, /—lhe temper К 4 
sought роге Mul mperature indicated in the table. 
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Table 57 


Velocity of Sound in Solids at 20°С 


Velocity of 


Velocity of 


Velocity of 


longitudi- longitudinal transverse 
Material nal waves | waves in infi- waves 
in rods, nite medium, | in infinite 
m/sec m/sec medium, m/sec 
Aluminium ....... 5,080 6,260 80 
BEES nua vor % ж. в msg 3,490 4,430 2,123 
Caoutchouc ....... - 1,479 = 
Coal (briquettes) . . . - 3,700 2,000 
ПИШЕТ eram ro е 3,710 4,700 2,260 
CORM сала saa s 500 — = 
EBOnHe6 „лаза 1,570 2,405 ee 
Glas.crown ....... 5,300 5.660 3,420 
7 heavy crown. ., 4,710 5,260 2,960 
"heavy Піпі....| 3,490 3,760 2,220 
" light flint 4,550 4,800 2,950 
йк С IC SER 5,370 5,570 3,515 
Hematite, brown - 1,830 == 
Ice 3.280 3.980 1,990 
Iron 5,170 5,850 3,230 
Lead 2.640 3.600 1.590 
Limestone - 6,130 3,200 
Marble a: 6,150 3,260 
Mica = 7,760 2,160 
Nickel - . 1,785 5,630 2,960 
Plaster of Paris . = 4,970 2,370 
Plexiglas = 2,670 1,121 
Polystyrene ... — 2,350 1,120 
Porcelain .... 1,884 5.340 3,120 
Rubber ..... . 46 1,040 27 
Sandstone ‚ле - 3,700-4,900 - 
ЭШЕ: 52% 4 жз - 5,870 2,800 
Steel, carbon ода x 5,050 6,100 3,300 
з ЕК EE. * RE RS 2.730 3,320 1,670 
Tungsten TETTE 4,310 5.460 2,620 
Zn 2. pfs 3,810 4,170 2,410 
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Table 58 


Velocity of Seismic Waves 
Mechanical waves travelling in the earth's crust are called seismic 


waves. 
Seismic waves can be longitudinal (compressional waves) or 
transverse (shear waves). 


Velocity of 


Velocity of longi- 
transverse waves, 


tudinal waves, 


Depth, km 
km/sec km/sec 
0-20 5.4-5.6 3.2 
20-45 6.25-6.75 3.5 
1,300 12.5 6.9 
2,400 13.5 7.5 
Table 59 


Velocity of Sound іп Gases at 1 atm 


E Temperature 
Tempera- | Velocity, 
Gas ture, *C m/sec ЦЕ 
ЖИЕ ЗАР ое саз a 0 n 
Ammonia sus e.a s 0 41 
Benzene (vapour) >- * 97 202 
Carbon dioxide ..- . 0 259 
Deuterium ...... E 0 890 
Ethyl alcohol 2... : 97 269 
Elom. p stik . 0 965 
Hydrogen ...... 9 1,284 
Methyl alcohol... sd Зар 
ӘН 0.5.4.4» ... 
Nitrogen .. ҮҮ 0 334 
Oxygen. 2......-.: 0 216 
Water vapour... +--+ °° 134 


Notes. 1. The velocity о! sound in gases at constant pressure in- 
creases with M ese d the temperature. The temperature coeffi- 
cient of the velocity is therefore given in the table, so that the velo- 


city ca her t eratures. 
y сап be computed for ott mE the velocity of sound de- 


2. At high frequencies (ог low pressures) | 
bends “`The values given in the table are for fre- 
on the frequency. The Poi velocity is practically indepen- 


quencies and pressures а 
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Sound Velocity Versus Pressure 
in Air and Nitrogen 


The curves of Fig. 23 refer to 25°С 
and the irequ range from 
200 Kc/sec to 500 Ke sec. 


Sound Frequency Spectrum 


Fig. 24 gives the spectrum ofsound 
frequencies divided into octaves as is 
customary in music. The piano key- 
board is depicted alongside the 
spectrum; it covers practically all the 
frequencies used in music. The ratio 


o 


III 
27724 
| 


ES 
3 
т и! 


Sound velocity, тег 
LI 
f 
T 


[^ 
3 
| 


of the frequencies of two musical J46 
tones is called ү interval. An octave 2 0 
s an interva гі 8 equenc: 
Е with a frequency Pressure, atm 
ratio em 2 
р Fig. 23. 
171298 
8355695. 
< 
= 478% 
Trombone E= 2049% 
к=) 
Em 
к== | 1044558 
== 
шш 5222% 
к=! OSS p= 
РИПОЛ = 
Treguencies of =] 2058 
Vowels pronounced == 
Ау мата? voice = 1906 % 
= 452865. 
Fig. 24. Spectrum of sound frequen- == 
cies, divided into octaves. Organ Е-е. 
== 


On the leit of the figure are 
shown the range of the strongest 
frequencies of some musical instru- 
ments and the loudest frequencies 
of men's and women's voices іп 
pronouncing vowels. The frequencies 
are plotted logarithmically. 


== ав, 


$ 
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Velocity of Water Surface Waves 


At small wavelengths (less than 2 cm) the decisive factor is the 
surface tension: such waves are called capillary waves. 

At greater wavelengths the decisive factor is gravity, and the waves 
are called gravity waves. The velocity of surface waves depends on 
the wavelength (see (3,14). if the depth of the liquid is sufficiently 


great (л > 0.52). 


50 
BALOT 
É m 
JU | 
3201—77 
NS Cap. | Grave 

Py :2 3 $43 67 8 

Wave length, cm 


Fig. 2. Dispersion of surface waves 
(h > 0.52). 


Loudness of Audibly Perceived Sounds 


24 Fig. 26 gives the curves of intensity of sounds of equal loudness. 
The upper curve corresponds to the threshold of feeling, the lower — 
to the threshold of audibility. The frequencies are plotted on a loga- 


rithmic scale. 
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Frequency Emitter 
0.5 ЕБ Сш & i ; 
1 cycle/sec— е Low-frequency vi- 
M 8 | brations of bodies 
20 cycles/sec— i 
| 
100 cycles/sec— Voices of human 
.& | beings, animals, etc. 
1 Ke/sec— 2 | Musical instruments, 
5 | whistles, sirens, 
Ж loudspeakers, etc. 
10 Ke/sec— 
— A o —— Ей 
20 Ke/sec— 
Ultrasonic sirens 
and whistles, magne- 
1 Me/sec— tostrictive апа рі- 
ezoelectric oscilla- 
Lors, etc. 
10 Mc/sec— з 
Е 
о 
9 
Ж |-------- 
5 
s 
Piezoelectric oscil- 


10% Мс/зес-- lators (quartz, bar- 
ium titanate, tour- 
maline, etc.) 


10* Mc/sec— 


10* Mc/sec— 


105 Me/sec— Thermal vibrations 
of molecules 


10% Mc/sec— 
NNUS БИ е: (ONT “ ъ= 


Fig 27. Spectrum of mechanical 
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Field of application Natural oceurrence 


Vibrations of water in natural res- 
ervoirs and vibrations of bodies 
(frequencies below 16 cycles/sec) 
Sound of heartbeats 


Communication and  signalisa- Voices of human beings, animals 
tion; measurement of distance | birds, insects. Sounds of various 
by means of sound natural phenomena (wind, thunder, 

flowing water, etc.) 


sate Ultrasonic cleaning of Emitted by bats, crickets, locusts ( 
parts; application іп med- 
icine and biology 


Ultrasonic fault detection in 


metals, concrete, etc. Ultrasonic 
microscope 
lr ——— - 


Scientific research 


Scientific research 


-O ELI eed 


Vibrations (logarithmic scale). 
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Displacement, Velocity and Acceleration of Water Particles 
due to Passage of Sound Waves oi Various Intensities 


29, 30 give the amplitudes of the displacement, velocity 
and acceleration, computed from formulas (3,16), (3,17) а d (3,18). 
The computations have been carried out for ov—1.5:X 105 g/cm? sec. 
The scales on both axes are logarithmic. 


Figs. 28. 
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Fig. 28, Displacement of particles Fig. 2.9. Acceleration of particles 
іп propagation of of water in propagation of sound 
sound waves waves. 
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Fig. 30. Velocity ої particles of 
water in propagation of sound 
waves. 
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Tuble 60 


Sound Intensity and Sound Pressure Corresponding to the 
Main Frequencies of the Decibel Scale 


Decibel , Sound Sound 
scale intensity,| pressure, 5 y 
scale | intensily, Bitte ee ounds of the given intensity 
0 == 0.0002 | Threshold of audibility of the 
human ear 
10 10-% 0.00065| Rustle о! leaves. Low whisper at 
a distance of 1 m. 
20 fo-™ 0.002 | Quiet garden 
30 for 0.0065 | Quiet room. Average sound level 
in an auditorium. Violin play- 
ing pianissimo 
40 1071: 0.02 Low music Noise іп a living 
room 
50 1071 0.065 |Loudspeaker at low volume. 
Noise in a restaurant or office 
with open windows 
60 i071 0.2 Radio turned on loud. Noise іп 
а store. Average level of speech 
ata distance of 1 т 
70 107 0.645 | Noise of a truck motor Noise in- 
side a tramcar 
80 [os 2.04 | Noisy street. Typists' room 
90 i077 6.45 Automobile horn. Large sympho- 
ny orchestra playing fortissimo. 
100 10-6 20.4 Riveting machine. Automobile 
siren. 
110 10-> 64.5 Pneumatic hammer 
120 -4 Jet engine at а distance of 5 m. 
19 900 Loud thunderclaps. 
130 107: 645 Threshold of feeling, sound is no 
longer audible 
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Table 61 


Rellection Coefficient of Sound Waves for Various 
Interfaces (at normal incidence), 9j 


The reflection ccefficient is defined as the ratio of the intensities 
oi the reflected and incident sound waves. 


Material 


Mercury 


Aluminium . 
Copper ғ 
Glass . . . 
Mercury 

Nickel .. 
ОЛИРО 
Transformer oil э эга 
Water 9 9 ES. yd 


[e 


Notes. 1. The reflection coefficient is the same for sound passing 
from mercury into steel and vice versa. 

2. Upon reflection from a plate the reilection coefficient depends 
on the ratio of the thickness oi the plate to the wavelength. 


Table 62 
Absorption Coefficient of Sound in Different Materials 
The absorption coefficient of sound (upon reflection) is defined as 


the ratio of the energy absorbed to the energy incident on the reflect: 
ing surface. 


Frequency, 
с/ѕес 
125 250 500 [1,000 | 2,000 | 4,000 

Material 
Brick wall (unpla- 

stered) . .....|0.024|0.025 | 0.032 | 0.041 | 0.049 | 0.07 
Cotton material . . . [0.03 [0.04 [0.11 [0.17 |0,94 |0.35 
Glass, sheet... . . 0.03 — |0.027] — ]|0:02 ee 
Glass wool (9 cm 

thick) |. oome .32 |0.40 |0.51 |0.60 |0.65 |0.60 
Hair felt (25 mm 

ШЕКЕ = aspis ain E 18 [0.36 |0.71 |0.79 |0,82 |0.85 
Маге. аак 0.01 - 0.01 = 0.015 ка, 
Plaster, gypsum . . . | 0.013 | 0.015 | 0.020 | 0.028 | 0.04 |0.05 
Plaster, lime 2110.025 | 0.045 | 0.06 [0.085 | 0.043 |0.058 
Rug with пар....|0.09 |0.08 [0.21 |0.27 [0.27 0.37 
Wooden planking . 0.10 [0.11 [0.11 [0.08 |0.082| 0.11 


CHAPTER IV 


ELECTRICITY 


A. THE ELECTROSTATIC FIELD 
FUNDAMENTAL CONCEPTS AND LAWS 


There аге two kinds of electric charges— positive and negative. 
Positive charges are the kind which are generated on a glass rod 
Which has been rubbed with silk, and also charges which are 
repelled by them. Negative charges are the kind which are gen- 
erated on an ebonite rod when rubbed with fur, and also the 


charges which are repelled by them. 
Like charges repel each other, unlike charges attract each 


other. 
Electric fleld. The law of interaction 


Interaction of charges. Б 
of point charges was established experimentally by Coulomb: 


in the CGSE system 
di (4,1) 


and in the SI system 


where F is the force of interaction, 0) and дә {һе magnitudes 
of the charges, r—the distance between them, and e—a 
quantity called the relative dielectric constant of the medium. 
In the case of vacuum the dielectric constant is denoted by £o, 


4148. (4,2) 


In the CGSE system of units 601; in the SI system 
£o = 1/362 x 10° farad/m 
d as that charge which when 


n vacuum exerts upon it a 
f charge (SI system) is the 


The CGSE unit of charge is definec 
placed 1 em from an equal charge 1 
orce of 1 dyne. The practical unit о 


coulomb: д 
1 coulomb-—2.99793x 10° CGSE units =3X 10% CGSE units. 


4—1715 
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The magnitude of any electric charge is always a multiple 
ої a certain minimum charge, called the elemen/ary charge (e); 
e=4.8X107!0 CGSE units. 

A region in which electric forces act is called an electric. field. 
Electrically charged bodies are always surrounded by an electric 
field. The field due to fixed charges is called an electrostatic 
field. The force acting on unit positive charge placed at a given 
point is called the intensity ої the electric field at that point: 


F 
E=—. 4,3 
4 (4,3) 


The intensity is a vector quantity. The direction of the intensity 
coincides with that of the force acting on a positive charge. 
The field intensities due to two separate electric charges are 
anded according to the parallelogram law, i. e., by vector meth- 
ods. 
The electrostatic field intensity of a point charge* is 
жы. 


er? (4.4) 


where r is the distance from the point for which the intensity 
is sought to the charge. 


The electric field intensity of a uniformly charged surface is 


fence (4,5) 
e 
where о is the charge per unit surface. 
The electric field intensity of a uniformly charged sphere is 


E. (4,6) 
er? 
where r is the distance from the point for which the intensity 
is sought to the center of the sphere. 
The electric field intensity of a charged cylinder is 


zs (4,7) 
er 


where q’ is the charge per unit length along the axis of the cyl- 
inder, and r is the distance from the point of interest to the 
axis of the cylinder. 

* All the following formulas are given in the CGSE system, unless 
otherwise specified. 
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The fines of force of an electric field are defined as curves, 
the tangents to which at each point coincide in direction with 


[^] (0 i 


Fig. 31. Lines of force of point charges: 
a) positive, б) negative. 


CAE 


field of two unlike point charges, 
like point charges. 


Fig. 32. Lines of force: a) 
b) field of two 


(COMM) 


Electric field of parallel plate con- 
denser. 
е lines of force of various electric fields 


Fig. 33. 


the intensity vector. Th 
are illustrated in Figs. 31, 32 and dj ee 

Work and potential. When a charge 15 displaced under the 

field work is performed. In an electro- 

erformed is independent 


formed by the electric 


influence of an electric d 
static field the magnitude of the work p 
of the path of the charge. The work рег 


4* 
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forces in moving unit positive charge from one pcint to another 
is defined as the pofential difference between the two points (U). 
The potential at a point is defined as the potential difference 
between that point and an arbitrarily chosen point of zero po- 
tential. The point of zero potential is frequently taken at infini- 
ty. The work of displacement of a charge q in an electrostatic 
field is 

A=qu. (4,8) 


The unit of potential in the SI system is the volt (у), defined 
as the potential difference between two points when work equal 
to 1 joule must be performed to bring 1 coulomb of positive 
charge from one point to the other. A surface, all points of which 
аге at the same potential, is called an equipotential surface. 

The lines of force of the field are perpendicular to the equi- 

potential surfaces. No work is done by the electric forces in 
moving a charge from one pcint to another on an equipotentia! 
surface. Let A and B be two points of the field; then the follow- 
ing approximate relation exists between the intensity of the 
field at the point A and the potential difference between these 
points: 
AU 
Al’ 
where AU is the potential difference between the close-lying 
points A and B, and Л/ is the distance along the line of force 
реп Ше equipotential surfaces passing through these 
points. 

If the electric field is homogeneous, i. e., if the intensity is 
constant in magnitude and direction at all points of the field 
(for example, in a parallel plate capacitor), then 


U 
E T’ 
where / is the length of the line of force. In the SI system the 
intensity is expressed in volts/meter (v/m). 1 v/m is equal to 
the intensity of a homogeneous field in which the potential 
difference between the ends of a line of force 1 m long is equal 
to 1 v. The potential difference per unit length of a line of force 
іп a homogeneous field is called the potential gradient. 
Capacitance. Two conductors with an electric field between 
them whose lines of force emanate from one conductor and 
terminate on the other form a capacitor; the conductors them- 
selves are called the capacitor plates. 


Ед= — (4,9) 
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In a simple capacitor the two plates carry opposite charges 
of equal magnitude. 

The capacitance of a capacitor is defined as the ratio of the 
charge on one of the plates to the potentia! difference between 
the plates, i. e., 

=. 0 
с=т. (4,10) 

The SI unit of capacitance is the farad. 1 farad is equal to the 
capacitance of a capacitor, the potential difference between 
Whose plates is equal to 1 v when the charge (on one of the 
plates) is 1 coulomb. The CGSE unit of capacitance is the centi- 
meter. (cm). ч 

According to the shape of the conducting surfaces capacitors 
are called parallel plate, cylindrical and spherical. 

The capacitance of a parallel plate capacitor (in the CGSE 
System) is 

седі (4,11) 


Shd à. 


where S is the surface area of one plate (the smaller one in case 
they are unequal), d—the distance between the plates, e—the 


dielectric constant. же д Ae is 
The capacitance of a cylindrical capacitor and of a coaxia 


Cable is 
с (4,19) 


211 — 
а 


where b is the radius ої the outer cylinder, a—the radius of the’ 
inner cylinder, and /—the length of the capacitor. 
The capacitance of a spherical capacitor is 
GETEN (4,18) 


"c b 
Where a and b are the radii of the inner and outer spheres. 
The capacitance of a two-wire line is 
pec" (4,14) 


4а т 
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where d is the distance between the axes of the wires, a— their 
radius, and /—the length. 
The capacitance of a multiple capacitor is 


0.088eS (n — 1) 
ES ERE. 


where S is the area of one plate, n—the number of plates, d— 
the distance between two adjacent plates. 

If capacitors of separate capacitances Сү, Cy, Cy, .... С, are 
connected in parallel the capacitance oí the whole system is 


С= (4,15) 


Gas Cp СОЕ s 0), (4,16) 

for a system of capacitors connected in series the capacitance i$ 
1 1 1 1 1 

ы T — қ ,17 

КШ ТЫСЫ Ааа ане 


ж. energy stored in acharged capacitor is given by the for- 
ula 

v=} сиз, (4,18) 

The space in which an electric field exists contains stored 

energy. The energy in unit volume of a homogeneous field (ener- 

coe сап be computed by the formula (in the CGSE sys- 

ЕЕ? 

v= 


ЗЕ? (4,19) 


where E is the field intensity*. 

Conductors and insulators in an electric fleld. When a con- 
ductor is placed in an electric field charges of unlike sign are 
induced on it (charging by induction). These charges are distrib- 
uted over the surface of the conductor in such manner that the 
intensity of the electrostatic field inside the conductor is zero. 
and the surface of the conductor is an equipotential surface- 


* In the case of an inhomogeneous field one defines the “energy 
density at a point^: 


"а AW 
w= lim = 
АУ->о AV 
Here AW is the energy concentrated in the volume AV when the lat- 


ter "contracts" to a point. Ii we define E as the intensity at this 
point, then formula (4,19) is valid for an arbitrary field. 
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Insulators (dielectrics), when placed in an electric field, be- 
come polarised, i.e , the charges of the molecules are displaced 
in such manner that their external electric field resembles the 
1018 of two unlike point charges ої equal magnitude (see Fig. 

y d) 

In general, a system of charges whose external field resembles 
the field of two unlike point charges of equal magnitude is called 
an electric dipole (Fig. 34). 


The dipole is characterised 2 4 
y a vector quantity called 2:41 
ү electric dipole moment „== 
Pi): 
p=, (4,20) 4 
Where / is the distance be- 
tween the charges. Fig. 34. Electric dipole. 


The direction of the vector 
D irom ram ш TA нін ої the elementary dipoles 


The vector sum of all the m bm. : Hd 
in a unit volume is called the polarisation of the dieleatrie: 


m (421) 


The molecules oí some dielectrics are dipoles even in the 


i . In the case of such substances po- 
wed Y lignment of the elementary dipoles 


ectrics). Some dielectrics even in 
ic field contain small (оомо 
i i “кей in different directions. Such dielec- 
regions which are poraira ecd fen Ee polarisation 
i | intrinsi taneous) polari- 
is ch d by the vector of intrinsic (spontaneous), i 
sation p. The properties of a ferroelectric (e. g- its dielectric 
a itude of the vector ps. The 


Curi 1 i Б 3 

The (eii m ellect. Upon the mechanical, део 
of some crystals along given directions electric г age o! ide 
posite sign appear on different faces of the сузш , * i nn i 
the erystal an electric field arises. А change in pue үз 
the delormation causes a change in the sign of the c poet i E 
phenomenon is called the piezoelectric effect. Тае үнс ae 
effect is reversible, i.e., when a crystal is placed in an electric 
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field its linear dimensions change. The inverse piezoele-tric 
effect is utilised to generate ultrasonic frequencies. The magni- 
tude of the charge which arises in the piezoelectric effect is 
given by the relation 

q =а„Ё,, 


where Ғ, is the force causing deformation, and d,, is a constant 
for the given crystal called the piezoelectric constant. 
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Table 63 
Electric Field in the Earth's Atmosphere 
Altitude, km 0 05 1.5 3 6 12 
Intensity, v/m ... | 130 50 30 20 10 2.5 


Notes. 1. The charge of a thundercloud іс equal to 10-20 
coulombs (in some cases it may be as much as 300 coulombs). 

2. The mean surface density of charge of the earth is 3.45 X107" 
CGSE units/em? The total charge of the earth is 0.57x 10" coulombs 
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Table 64 
Insulating Materials 
Dielectric | pictectrie 
Material constant, Density, Resistivity, 
а CGSE strength, Ч 
ЕБ IRI g/cm ohm cm 
Asbestos ..... - 2 2.3-2. 2x105 
Bakelite 1.1... 44.6 | 10-40 | 1,2 n E 
Beeswax ..... 2,8-2,9 | 90-35 0.96 |2х10%-2х10% 
Birch, dry 3-4 10-60 0:7 = 
Bitumen ava) 1256-3558 6-15 1.2 - 
Carbolite (Р)... =- 10-14,5 | 1.2-1.3 = 
Celluloid. ... . 3-4 0 - 2x101 
Ebonite (RP) 4-4.5 25 1-8 1X 1088 
Eskapon (P) .. | 2.7-3 36 = ES 
Fibre board, dry| 2.5-8 2-6 1.1-1.94 5х10% 
Fluoplastic-3 2.5-2.7 - 2.14 14 2X 1018 
Ge'inax (lami- 
nated insula- 
К 10-30 1.8 = 
20-30 | 2.2-4.0 1011-101 
Gutta percha 3 5 0.95 2x10" 
Marble ...2.. 6-10 #7 1X10! 
Mica, muscovite} 4. 50-200 | 2.8-3.2 E 
Mica, phlogopite .5 | 60-125 | 2.5-2.7 1012-105 
Pardfin ..... 2 з | 20-30 | 0.4-0.9 3x10" 
Plexiglass 3:0-3.6 18.5 1.2 - 
Polystyrene 2:9:2:8 | 25-50 |1.05-1.65]5x108-5x L0 
Polyvinyl chlo 
pile, resin. . .| 3.1-3.5 50 1.38 - 
orcelain elec- 
trical „кам + 6.5 20 2.4 3x 10% 
Pressboard .... 3-4 9-12 0 9-1-1 1x10 
Radioporcelain(C) | 6.0 15-20 | 2.5-2 6 En 
Кой,» ru s 3.5 - 1 n ха 
Rubber, soft . . .| 2.6-3 15-25 1.7-2. 
Shellac, ler t| аш 50 1.03 1x 101 
Silk, E 4-5 - = = 
Sag el в ur pai | 2. 6-2.9 108 
ferias ii ae, ee 
cond. (Chir 5 = 25-80 5 .8-3. ке 
ЕА (с) | 6.3-7.5 | 15-30 | 2.6-2.9 3x10" 
Vinyl plastic (Р) 4,1 5 22 = 


Notes. 1. The dielectric stren 
Val difference Which can be app 
its i ез. 

otha enes Im the parentheses denote: (P) — plastic, (C) — ce- 
гатіс, (RP) — rubber plastic. 

3. The values of the dielectric 
18 (о 20°C. The dielectric constant 
the temperature th the exception ol 
ity refer to р. 1 


th characterises the maximum poten- 
fied to a dielectric without destroying 


constant are given for temperatures 
s of solids vary but slightly with 
f ferroelectrics (see Figs. 35, 36). 
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Table 65 


Dielectric Constants of Some Pure Liquids (CGSE 
System of Units) 


Temperature 


Substance | 

0°C | 10°C | 20°C | 25°C | 30°C | 40°C | 50°С 
Acetone gs 20.5 [19.5 | 18.7 
Benzene 2.26| 2.25| 2.22 
Carbon tetrachloride - 2.90| 2.18 
Ethyl alcohol E 20.87 
Ethyl | ether = 
Glycerine ..... 5 = 
Kerosene ..... 2 кеч = - 
Water .. 111I [87.83/83.86|80 08|78.28/76.47|73 02] 69.73 


Note. Small quantities of impurities ha egli fect on 
the value of the dielectric RUD ыш тасыды 


Table 66 


Dielectric Constants of Gases at 18°С 
and Normal Pressure 


Substance e Substance Е 


Ir od ees 2...) 1.00059 | Nitrogen ....... 1.00061 
Carbon dioxide 1.00097 | Охугеп....... 1.00055 
Helium . 1.00007 | Water vapour 1.0078 
Hydrogen ...... 1.00026 


Note. The dielectric constants of gases decrease with an increase 
in the temperature. and increase with an increase in the pressure. 
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Table 67 


Some Properties of Ferroelectric Crystals 


sz 
Crystal 25 
vE 
o as 
NaK(C,H,O,): 4H,O (Rochelle 297 (upper) 800 200 
salt > 255 (lower) 
Nak(C,H,D,0,) -4D,0 308 (upper) == 
249 (lower) = 
LINH, (C,H,O,)-H,O 106 630 - 
KH,;PO assium dihydro- 
АКЫН ыш 123 16,000 45 
RbH,PO, 147 
KI sO, 96.5 
NH,H,PO, (ammonium di- 
hydrophosphate) С P 58 
BaTiO, (barium titanate’ 391 48,000] 1,000-1,700 
KNbO, ' arium tita ) 708 ae pe 
NaNbÓ, 913 xs = 
LiTiO, * = 70,000 E 


are divided into three groups according 


Notes. 1. Ferroelectrics 

lo their chemical formulas. 

2. Some ferroelectrics exhibit 

à given range of temperatures. 
upper and lower Curie points. 

e given for weak fields. 


(deuterium). 


their specific properties within 
For these the table indicates the 


3. The values of the dielectric constants ar 
4. The symbol D denotes heavy hydrogen 
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Dependence of Dielectric Constant of Ferroelectrics on the 
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Temperature and Field Intensity 


4500 


4000) 


3 5500 


2 
“30-20 -0 0 
Temperatiret 


o 
0 2 3X 40 50 


Fig. 35. Temperature dependence of 
dielectric constant of Rochelle salt. 
The two curves correspond to two 
different values of the field intensity, 
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Divlectrle constan? 
ЕЗ 
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20 


Fig. 36. Temperature dependence 
of dielectric constant of ferro- 
electrics of the barium titanate 


group. 


Dielectric constant 
Ei 
& 


2 2 0 


4-7 
Field intensity ДІ 


Fig. 37. Dependence oí dielectric 
constant of a ferroelectric се 
ramic on the field intensity- 
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Table 68 


Piezoelectric Constants of Some Crystals 


Piezoelectric 
; constant, 
Crystal CGSE units 
(4,1X 108) 


Ammonium phosphate (АДР) 148 
Polarised barium titanate ceramic 750 
Potassium phosphate (КДР) 70 
QuarlE ee cee носеа з 96 6.9 
Rochelle salt... see. eee 7,000 
Tourmaline... nn 5.78 
Zine blende .........- 9.8 


Notes. 1. Some crystals have different constants for different 
directions of deformation; in such cases the greatest values are given. 
.,2. In order to convert the value of the constant from CGSE to 
SI units multiply the figure given in the table by 3X10*. The con- 


stant will then be expressed in coulombs/newton. 


B. THE ELECTRIC CURRENT. DIRECT-CURRENT 
CIRCUITS 


FUNDAMENTAL CONCEPTS AND LAWS 


1. Electric Current in Metals 


The orderly motion of charge carriers constitutes an electric 

current. In metals the charge carriers are electrons—negatively 

charged particles whose charge is equal to the elementary charge. 
he direction of the current is arbitrarily defined as the direction 

opposite to that in which the negative charges move. 

. If a charge Aq passes through a cross-section of a conductor 

in a time from fp to tot M then the current at the instant to 


(or the instantaneous current) is detinea as the limit 

ios ДШ = (4,22) 
чо At— 0 АҒ 
ass through a cross-section 
The unit of current in 


In a steady current equal charges р 
rate of flow of one cou- 


of the conductor in equal time intervals. 
the SI system is the ampere, defined as а 
lomb per second. 


110 CH. IV. ELECTRICITY 


The current density (j) is defined as the current passing through 
a unit cross-sectional area оі the conductor. The practical 
unit of current density is the ampere/cm?, i. e, a current of 
one ampere through an area of 1 cm? perpendicular to the direc- 
tion of flow. 

The current density is 


[= neo, (4,23) 


where n is the number of charge carriers in unit volume, e—the 
charge of a carrier, and v—the mean velocity of the carriers. 
Ii there are charges of different sign and magnitude 


present, 
the total current density will be equal to the sum of the densi- 
ties due to the different kinds of charges 
j= > nev. (4,24) 
The following relation also holds 
і-оЕ, (4,95) 


where E is the electric field intensity inside the conductor, and 
9 is the conductivity of the conductor (see below). 
The current is a scalar quantity, the current density—a vec- 
lor quantity. 
For an electric current to flow in a closed circuit there must 
be forces other than electrostatic forces acting on the charge 
" carriers. Any device Which gives rise to such 
forces is called a current source or electric 
generator. 
nm ПЕГИ 
| Ап electric circuit is composed of a current 
t 


Source, connecting wires and instruments 
(or other devices) 


performs work (Fig. 
tric circuit is peri 


in which the current 
38). Work in an elec- 
ў Ormed by forces ої a 

Fig. 38. Simple — DOn-electrostatic nature which keep up a con- 

electric circuit. — stant potential difference across the termi- 

nals of the source. 

The electromotive force (e.m.f.) of a source of 
is defined as the work done in carrying unit electric charge 
around a closed circuit in which no current is flowing. The elec- 
tromotive force is measured in the same units as the potential 
difference (for example, in volts). 

Ohm's law for a section of a circuit whic 
electromotive forces was established by 
tion: ¿he current in a conductor is propo. 


electric energy 


h does not. contain 
experimental observa- 
rtional to the potential 
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difference between its ends. к б 


ї=-Б5-. (4,26) 


The constant of proportionality in this law 5 is called the 


conductance. The quantity R is called the resistance; it depends 
on the “friction” which the charge carriers must overcome in 
their motion through the medium. Conductors in which current 
is due to the motion of free electrons are called electronic con- 
ductors. 

The unit of resistance is the ohm. 1 ohm is the resistance of a 
conductor having a difference of potential between its ends 
equal to 1 volt when a current of 1 ampere flows through it. 

The resistance of a wire conductor (of constant cross-section) is 


1 
Е-р <, (4,27) 


defined as the resistance of a conductor 


where p is the resistivity, Д а 
sectional area, / is the length of the 


of unit length and unit cross- 


conductor, and S—the cross-sectional area. The quantity о = 1 


is called the conductivity. Тһе unit of resistivity in the SI sys- 
tem is the ohm m. In electrical engineering L is expressed in m, 
the cross-sectional area S-. in тт; hence p is expressed in ohm 


mm?/m 


1 ohm mm’ 10%оһт m 
m 


The resistivity of most metals increases with the temperature. 
The dependence of the resistivity on the temperature can be 


represented approximately by the relation 
ре 00 (1 + at) (4,28) 


where p, is the resistivity at the temperature 2, po—the resistiv- 
ity at 0^ C, and a—the temperature coefficient of, resistivity; 
this coefficient is numerica!ly equal to the ratio of the change 
in resistivity caused by heating the conductor by 1° C to the 
initial resistivity. The resistivity of some metals at very low 
temperatures drops suddenly and becomes practically zero. This 
phenomenon is called superconductivity. 

Whien resistors are connected in series the equivalent resist- 
ance Ry is equal to the sum of the separate resistances 
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BERN. a. Вы 
y Ri Ra Ra sss + Ry (4,29) 
For resistors connected іл parallel: 


jd. fd 1 
4 ‚30 
Rs БОКЕ Ret Set pcs ds 


Ohm's law for a section of a circuit containing e.m.f. For a 
section of a circuit containing an e.m.f. the following relation, 
called Ohm's law, holds: 


ee (4,31) 


where R is the resistance of the section, U—the potential dif- 


ference between the ends of the section, and @—the e.m.f. 
It should be borne in mind that both 
Source @ and U may be positive or negative. 
2 І 1 4 А 
{д е a The ет.ї. is considered positive it it 
| ІШ increases the potential in the direction 


of current flow (the current flows from 

--4 ——4 the negative terminal to the positive 
terminal of the source); the potential 

difference is considered Positive if 

the current inside the source flows in 

1 the direction of decreasing potential 
(from the positive to the negative ter- 
minal). For example, in charging an 


accumulator (Fig. 39 i 
Fig. 39. Accumu- current ( 8 #9) the Charging 
lator Grae tag cir- 
cuit. 


t^ 
Sorage battery 


ien 0--Фке 4 

асс 
where U is the potential difference across the terminals of the 
source, @ace—the e.m.f. of the accumulator being charged, Race— 
the resistance of the accumulator (the resistance of the connect- 
ing wires is neglected). 

For the section of the circuit ADB we have in the same case 

i zh Gsource—U 
ИКТ Ыра. 

source 


where @ source is the e.m.f. of the source, and R. 


; H soure e—its 
internal resistance. 


Tey 
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For a closed unbranched circuit the relation (4,31) takes on 
the form (in this case U=0) 
ink 
ra (4,32) 
where R is the sum of the resistance of the external circuit and 
the internal resistance of the source. 
Work of electric current. The work performed by an electric 
current in a section of a circuit is 
А-а, (4,33) 


where / is the time of flow of the current, U—the potential differ- 
ence across the section, and i—the current. 

The work performed by a current which appears as a change 
in the internal energy of the conductor (heat) in the absence of 
an e.m.f. in the section of the circuit is 

U2 


A= т Ё. (4,34) 


_ The work performed by a current which appears as a change 
in the internal energy of the conductor (regardless of whether 
the section of the circuit includes an e.m.f. or not) is 


A=Rt. (4,35) 


The unit of work (or energy) in the SI system is the watt- 
second, or joule, defined as the work performed when a direct 
current of 1 amp flows through a potential difference of 1 v in 
1 sec. Another practical unit of work is the kilowatt-hour (kw-hr). 


1 kw-hr =3.6 10° watt-sec. 


ulation ol currents, potential dif- 


Kirchhoff’s laws. The calc n ol cur 3 
lex circuits is carried out on the 


ferences and e.m.Í.'s in comp 


basis of Kirchholl's laws. Ч 
First law: the algebraic sum of the currents flowing into a 


junction (or branch point) is zero. For example (Fig. 40), 
ij Fig i5 — i40 
Second law: the algebraic sum of the products of the currents 
by the respective resistances around a closed loop is equal to 


the algebraic sum of the e.m.f.’s in the loop. 
To apply this law to a loop we consider those currents as posi- 


tive whose direction coincides with an arbitrary direction 
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around the loop. An e.m.f. is considered positive if the arbitrary 
direction around the loop coincides with the direction of the 
e.m.f. of the current source (the e.m.f. of a current source is 
directed from the negative terminal to the positive). For example 
(Fig. 41), А | J 
ПКЕ, 
For similar sources connected in series 


i(nr,,+R)=n8, (4,36) 
where n is the number , of Directitn of reference 
sources, г, —the internal resist- 


ance of a source, R—the 
external resistance, @—the 
e.m.f. of a source. 


Na 
A fs 
x 
^ 
-+ 
ы” 
Fig. 40. Current Fig. 41 Current loop. 
junction 


For n similar sources connected in parallel 


(ва) е, (4,37) 


and salts in w. 


ater or in other sol- 
Molten salts 


аге also characterised 
in electrolytes is car- 
when the substance Passes into 
or negatively charged parts of 
molecules. 


The current density due to ions of both signs is 


[= пер, +n_ev_ 


> (4,38) 
where ny is the Concentration of positive ions, e—the charge 
of an ion, о, —the drift velocity oi the 


Positive ions, n_, 
of the negative ions. 
as the average drift veloci- 
ntensity | v/cm. 


9. —{һе concentration and driit velocity 
The mobility of the ions is defined 
ty which an ion attains in a field of i 
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The current density сап be expressed in terms of the ion mobil- 

ities и; and шо: 
jn us -Еп_и_)еЕ. (4,39) 

Ohm's law holds for electrolytes. The decomposition of an 
electrolvte by an electric current is called electrolysis. 

Faraday’s first law. The mass of any substance liberated at 
the electrode in electrolysis is proportional to the total quan- 
tity of charge Q passing through the electrolyte: 


m= КО. (4,40) 


The coefficient of proportionality K is called the electrochemical 
equivalent and is equal numerically to the mass of a given sub- 
stance liberated when unit quantity of charge passes through 


the electrolyte. . | 
Faraday's second law. The electrochemical equivalent of a 
given substance is proportional io its chemical equivalent: 


кеб, (4,41) 


where Athe chemical equivalent is defined as the ratio of the 


atomic weight of an element to its valence. The constant с 
is the same for all substances and has the dimensions g/g-equiv. 
The faraday. The same quantity of electric charge, equal 
in round numbers to 96,500 coulombs, when passed through a 
solution of an electrolyte, will liberate a mass of substance equal 
to the chemical equivalent of that substance. This quantity of 
electric charge is called the faraday: 
C=1/F g-equiv/coul. (4,42) 
s. When a metal electrode is immersed 
1 difference is set up between the 
This potential difference is called 
of the given electrode in the given 


Electrochemical cells. W 
in an electrolyte a potentia 
electrode and the solution. 
the electrochemical potential 


solution. 5524 
The absolute normal potential is called the value of the elec- 
trochemical potential of a metal in a solution with anormal 
e., with a concentration of one gram- 


concentration of ions (i. vee 
equivalent of ions рег liter). Under such conditions the electro- 
chemical potential depends only on the nature of the metal. 


When two electrodes are immersed in an electrolyte a poten- 
tial difference is set up between them, equal to the difference 
of their electrochemical potentials. An electrolyte with two 
different electrodes immersed in it is called ап electrochemical 
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cell (for example, a solution of sulfuric acid with a copper and 
а zinc plate immersed in it is called a Voltaic cell). 


3. Current in Gases 


The current density in gases, as in metals and liquids, is 
determined by the concentration of the charge carriers (ions), 
their mobility and charge. However, in view of the fact that 
the ion concentration depends on the field intensity and varies 
m's law does not apply, asa 


1 E, еіс.); and intrinsic 
conductivity, when ionisation is due to the action of ап electric 
field applied between the electrodes. 

An electric current in vacuum (for example, іп thermionic 


tubes) is due to the motion of electrons or ions which escape 
from electrodes placed in a vacuum. 
In order to remove an elei 


TS 
g mos 29, (4,43) 


» 9,—the projecti f the 
thermal velocity of the electron on to the оно 
and @—the work function. 
The maximum value of the thermioni 
saturation сиг rent.The density of the satu 
ionic emissioa is: 


€ current is called the 
ration current in therm- 


zr 
ha Ата ЁТ, d 
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where A’ is a constant which is different for different metals, 
T—the absolute temperature, k—Boltzmann’s constant (see 
p. 61) and e2:2.72 is the base oí the natural logarithms. The 
quantities A'and q are sometimes called the emission constants. 

According to the theory, A’ should be the same for all pure 
metals (60.2 amp/cm? degree*). Actually, however, it varies 
with different metals. 

The so-called oxide cathodes have found wide application in 
practice. These cathodes are prepared by coating a metal base 
with barium oxide or an oxide of some other metal, which con- 
siderably decreases the work function. 

Dielectric breakdown. When a large potential difference is 
applied to cold electrodes placed in a gas, a discharge in the form 
of a spark may take place. This phenomenon is called breakdown. 
The potential difference required to cause breakdown depends 
on the material, shape and dimensions of the electrodes, on the 
distance between them, and also on the nature and pressure of 
the gas. 

In the case of large flat electrodes the breakdown potential 
for a given gas and electrode material depends only on the 
product pd (where p is the pressure of the gas, and d—the distance 
between the electrodes). In other words, if p and d are varied 
in such manner that their product remains constant, the break- 
down potential will not change. 

The distance between the electrodes at which breakdown oc- 
curs at a given potential difference is called the spark gap. The 
length of the spark gap is a measure of the potential difference 


between the electrodes. 


4, Semiconductors 


Semiconductors are substances whose electrical conductivity 
is due to the motion of bound electrons and whose resistivity 
at room temperature lies within the range from 107? to 10? ohms 
cm. The resistivity oi semiconductors 15 strongly temperature- 
dependent. In contradistinction to metals the resistivity of semi- 
conductors decreases with an increase in the temperature. The 
resistivity of semiconductors depends strongly on the presence 
of impurities. 


Electrons in matter are distributed about the atomic nuclei 
in such manner that any atom may possess only a discrete set 
of energy values. Every electron can occupy certain definite 
energy levels, which are different from the energy levels of other 
electrons. These energy levels are called allowed levels. The 
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llowed energy levels fall into two regions, or bands. which are 
ЕЕЕ by the so-called forbidden gap containing the values 
of energy which are forbidden to the electron. At the temperature 
0° K all the electrons are in the band of lowest energies, and all 


Conduction band 


Fig. 42. Electron energy level 
diagram of semiconductor. 
the energy levels in this band will be occupied (Fig. 42). This 
band is called the valence band. The second band (the conduction 
band) of the non-metallic elements does not Contain a single 
electron at 0° К. In metals the conduction and the valence bands 
overlap. 

The energy required for an electron to Pass from the valence 
band to the conduction band is called the width of the forbidden 
бар (АЕ). Semiconductors possess either electron (n-type) or 
hole (p-type) conductivity. Electronic conducti; “tite to 
the motion of the electrons 


ductivity is due to electrons in the valence band m 
atom to another which has 


SE 


5. Thermoelectricity 

If a closed circuit is со 

the junctions of the metals are mai 

tures, a current will flow in the circuit. This current may be 

attributed to a thermal e.m.f. developed at the junctions, and 
the phenomenon itself is called the thermoelectric effect. 


Within a certain lemperature range the magnitude of the 
thermal е.т.ї. is approximately proportional to the temperature 
difference. In this case 


Gr=a(T,—T,) 
The quantity о: is called the differenti 
coefficient of the thermal em.f.); it 
the thermal e.m.f. developed per Чер 


al thermal e.m.f. (or the 
is numerically equal to 
ree centigrade. 
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TABLES AND GRAPHS 


Electric Currents and the Earth's Atmosphere 


The experimentally measured density of the vertical current / ү 

(due to the motion of positive and negative ions in the atmosphere) is 
ivert 2.9% 107* amp/em* 

The density of the currents due to the motion of charged rain- 


drops, snowflakes and hail is: И 
for light rain- 107? to 10-* CGSE units of current/cm?, 
ior thunderstorms and hail-up to 3Х10-7 CGSE units of cur- 

rent/cm?. | 
The current in a lightning stroke may be as high as 200,000 amp 

(the most common values аге from 20,000 to 40,000 amp). 

The potential in a lightning stroke may be as high as 10” v; the 
discharge lasts about 10— sec, its length can be about 10 km, and 


the diameter of the channel-up to 20 cm 


Table 69 
Resistivity and Temperature Coefficient of Resistivity 
oi Metals 

Reststivity Temperature 

Meta at 2 Ü coefficient 

MESH ohm mm?/m at 20, 
Aluminium... s+ ES 0.028 0.0049 

Alumimtumz. «ees CETT TES] 0.025:0.08 | 0:002-0.007 

Chromium чке ыы ы s 0.027 E: 

Sopper 23 “же 0.0175 0.0039 
Iron А ж к $a 0.098 0.0062 
edd MES T Da 0,0041 
егсигу... 3% 2. t .95 p 9 
Molybdenum а E pes 0.057 0.0033 
Nickel .. rt pim 0.100 0.0050 
Phosphor bronze . - + x gus 0.015 0.0040 
Silver елес Se vind 0.016 0.0036 
Tantalum .. s.» epei 0.155 0.0031 
ИШ мул әз ен goo 0-10 ESTER 
T mE ЖОК КГ” T à “0045 
anes „О ж м E EL 0.059 0.0035 


the table are average values; for differ- 


Note. The values given in ‹ 
ent samples they depend on the degree of purity, thermal treatment, 


etc. қ 
The temperature coefficient of resistivity of pure metals is close 


to 1/273=0.00367, i.e. to the value of the coefficient of thermal 
expansion of gases. 
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Table 70 


Transition Temperatures to the Superconducting 
State for Some Metals 


Transition| Transition 
Substance tempera- Substance tempera- 
ture, °K ture, °K 
Metals 4.1- 
4. 
Zirconium ...... 0.3 5.8 
Cadmium... .. . 0.6 6. 
Fidi Nam UN 0.8 ТМ 
Aluminium... . . | 1.2 
Капі. hs) «go 1.3 
ЖЫН Жөе н» SkA э 3.7 
МОСПР sun rele 4 с 4.1 4.2 
Tantalum .. 4.4 5.0 
Ad Ур а 7.3 5.5 
БПО Рук 9.2 б 
7.6-8.3 
Alloys 9.2. 
10,1-10.5 
BISERE ЖИРНЕ 0.16 15-16 
РЫ АЫ 2.0-7.3 17.1 
Е 3.7 18 


Notes. |. There are a number of Superconducting alloys containing 
a greater number of components: Rose's metal (8 5°K), Newton's 
metal (8.5°K), Wood’s metal (8.2°К). Pb. As. pj (90°K), Pb — 
— As—Bi—Sb (9,0%Қ), 

2. Upon transition to the Superconducting state the resistivity of 
roughout a wide range of temperatures 
(sometimes as wide as 2°K), In addition the transition tempera- 
ture depends on the heat treatment of the alloy or compound. In 
such cases the table indicates the bounds within which the transition 
temperature lies. 
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Table 71 
Alloys of High Ohmic Resistance 
Tempera- 
Resistivity | ture coeffi- аниа 
Alloys ES 2 °С, gent an tempera- 
m mm m ange 
9 у /п 0-100°С) iure, “с 
НЕКЕ. е Le EE 
Constantan (58.8 % Cu, 40% 
Ni, 1.9% Mn) iae 0.44-0.52 | 0.00001 500 
Fechral (50% 
6% Al). i 1.1-1.3 0.0001 900 
German silver (65% 
Zn, 15% М).:. 0.28-0.35 | 0.00004 | 150-200 
Manganin (85% Cu, 1 
nate NI аа та e 0.42-0.48 | 0.00003 100 
Nickeline (54% Си, 2 
Sou NO. aoro a. 0.39-0.48 | 0.00002 | 150-200 
Nichro 67.5% Ni, 15% Ст, 
NDA Bes 1:5% Mn) % М 1.01.1 0.0002 1,000 
eosta 349 % п, 
Mn E u, 123 | (9,450.52. | 0:0004 150-200 


е temperature coefficient of resistance of con- 
stantan varies from —0.00004 to +0.00001 depending on the sample. 
The minus sign before the temperature coefficient denotes that the 


resistance decreases with increasing temperature. 


Note The value of thi 


Table 72 


Allowed Current-Carrying Capacity of Insulated Wires 
Prolonged Operation (amp) 


Cross-sectional 
area, mm* 


Material 


Соррег .. 277 1 | 14 | 20 | 25 | 31 | 43 15 | 100 
Aluminium... +++ °° sju 18 20 25 32 50 80 


HO a0. хл РР 
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Table 73 


Resistivity of Electrolytes at 18°C and Different 
Concentrations (see Fig. 43) 


Concentra- Resistivity, | Temperature 

Solute tion, ' | coefficient, 

) % эшан Еди 
id 5 10.9 0.0198 
"mum chloride. 10 52 КИС 
* 20 38 0 0161 
5 529 0.0216 
Copper sulfate, Cuso, 10 31.5 0.0218 
17.5 23.8 0.0236 
P " 5 2.5 0.0158 
Hydrochloric acid, НСІ 20 Г 0.0154 

40 1.9 - 
лус ү ыш =. 


2 
Nitric acid, HNO, 50 і 


Sodium chloride, Мас! 5 14.9 0.0217 
(common salt) 10 8.3 0.0214 
20 5.1 0.0716 
Sodium hydroxide, NaOH| 20 2 MET 
10 8.3 0:0648 
5 H 
Sulfuric acid, Н,50, 30 Л 050145 
40 1:5 0.0178 

сс EXE е 
5 52.4 0225 
Zine sulfate, ZnSO, 10 31:2 00228 
20 21:3 0.0243 


Note. The resistivity of electrolyte falls off with increasing tem- 
perature (as distinct from metals). The resistivity for other tempera- 
tures p; can be computed from the formula (compare with (4, 28)): 
Dt = Pis [1 — X (f — 18)], where % is the temperature Coefficient given 
in the table, p,, — the resistivity at 18°С, è= the temperature for 
which the resistivity D, is sought: 


арала а Y те == ELM PT Me = “ж 
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EJ (ohm-cm) 


00 
82 


2 20.0 9 50 40 70 80 90 
Concentration, % 


Fig 43. Concentration dependence 
of resistivity of aqueous solution 


of H,SO, (18° C). 


Table 74 


Thermal Electromotive Force of Some Metal Couples 
in Millivolts 


Copper, 


Iron, 
constantan 


Platinum, platinum 
constantan 


Junction tem- a i 
with 10% rhodium 


perature, °C 


—200 = 8 5.5 
100 0.64 5 4 
200 1.44 11 9 
300 2.32 16 15 
400 3.25 22 21 
500 4.22 27 = 
600 5.22 33 ES 
700 6.26 39 - 
800 7.33 46 = 

1,000 9.57 58 - 

1,500 15.50 = m 


Note. The temperature of the reference junction is kept at 0? C. 


OU NEUEN == as = 
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Table 75 


Differential Thermal e. m. f. (а) with Respect 
to Platinum at 0^ C 


a, а, 
Metal | 1. v/degree Metal | jtv/degree 
Antimony .... 47.0 Coppr ...,.. 7.4 
Вїзтщһ`..,,, —65.0 HOW 42:2... 16.0 
Constantan . —34.4 меш 2... —16.4 


Note. The minus signs indicate that the current in the hot junc- 
tion flows from the metal with the smaller algebraic value of a. 
For example, їп the thermocouple copper-constantan (Fig. 44) the 
current in the hot junction flows from constantan to copper. 


m cue c RE 


а( =) 


> -(0 2 100 200 300 490 00 
Fig. 44. Temperature dependence of differential 
thermal e.m.f. of Copper-constantan thermocouple. 
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Table 76 
Electrochemical Equivalents 
Qr е к i Sum 1 K, 
lon сһетіса ү оп сһетїса 6 
equivalent mg/coul equivalent mg/coul 
H+ 1.008 | 0.0101 | CO; ^ 30.0 0.3108 
0 = 8.0 0.0829 | Cut + 31.8 0.3297 
Alt + + 9.0 0.0936 | Zn+ + 32.7 0.3387 
OH- 17.0 0.1762 | Ci- 35.5 0.3672 
Fet + + 18.6 0.1930 | SO, 48.0 0.4975 
Са+ + 20.1 0.2077 | NO, 62.0 0.642 
Nat 23.0 0.2388 | Си“ 63.6 0.6590 
Fe+ + 27.8 0.2895 || Ag+ 107.9 1.118 


Note. The number of plu 


the number of elementary 


5 or minus signs in the superscript denotes 
charges carried by one ion. 


Table 77 


Absolute Normal Potentials of Some Metals 


Metal 


Cadmium 
Chromium 


Normal poten- 


Met 


al 


Normal poten- 


tial, v tial, v 
—0.13 Manganese —0.78 
—0.29 Mercury ..... TS 
0.61 Nickel ...... 0.04 
—0.17 Silver .. 1.07 
0.15 Zine, : 3 vex —0.50 


126 CH. IV. ELECTRICITY 


Table 78 
Е.т.ї. of Electrochemical Cells 
à í Negative | Positive " ; А 
Ша Еа ы Solution ыла 
і Zi Copper Different solu- ы 
Бап m BRS? ТЕЛЕН 
Zinc immersed in 
solution of sulfu- 
тіс acid (5-109); 
copper immersed 
in saturated solu- 
tion of copper sul- 
fate CuSO, 
Edison Powdered Nickel 20% solution of| 1.4-1.1 
iron (or dioxide potassium hydrox- 
cadmium ide (KOH) 
mixed 
with iron 
oxides) 
Grenet Zinc Carbon 12 parts K.Cr,0,, 2.01 
25 parts H,SO,, 
100 parts H,O 
Lead Spongy Lead 27-289,  solution| 2.0-1.9 
accumu- lead peroxide | of 1.50,, free} at 15°C 
lator PbO, from chlorine, 
density 1.20 
Leclanche Zine Carbon | Solution of sal- 1.46 
ammoniac, man- 
| ganese peroxide 
with powdered 
carbon 
Leclanche Zine Carbon 1 part ZnO, 1.8 
(dry) 1 part NH,CI, 
3 parts gypsum, 
2 parts ZnCl, and 
water until a 
paste is formed 
3 See A ac 
Silver-zine Zine Silver Solution of potas- 1:5 
accumu- oxide sium hydroxide 
lator (кон) 
Weston, Cadmium Mercury |Saturated solution| 1.0183 
normal amalgam of CdSO,, paste of 


Hg.SO, and Cdso, 
1a 
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Charging and Discharging Accumulators 


Lead accumulator 


(гайте accumulator 
Т | 
18 лаг? 


at 
LDistherging 


08 


bas 4$ 2 25 3 35 9 
Time,h 
(5) 


Fig. 45. Variation of voltage of ac- 

cumulator during charging and dis- 

charging: а) lead accumulator, 
6) Edison storage cell. 
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Tuble 79 
Mobility of lons in Aqueous Solutions at 18°C 


Mobilit Mobility, 
Cations ст2/5ес X Anions | em?/sec v 
H+ 0.003263 OH- 0.00180 
K+ 0.000669 a= 0.00068 
Na+ 0.000450 NO; 0.00062 
Ag+ 0.00056 50,7 0.00068 
Zn* + 0.00048 co." 0.00062 
Fet + + 0.00046 


Notes. |. Cations are positively charged, 
charged ions. 

2.. The ionic mobility increases approximately 2% рег 1°C increase 
in temperature, 


3.-Тһе number of plus or minus signs in the superscripts indicates 
the number of elementary charges carried by one ion. 


anions — negatively 


== MM—À— P i GN 


Table 80 
Mobility of Electrons in Metals (in cm?/sec v) 
Metal Ag Na | Be | Cu | Au Li | Al | Cd | Zn 
Mobility 56 48 | 44 | 35 | зо 19 | 10 |7.9|5.8 
| 


Note. The field intensity inside melals actually does not exceed 
0.001 v/em; hence, the electron velocities will be numerically much 
smaller than the values of the mobility given in the table. This can 
easily be verified by means of the relati 


> inserting the 
permissible values of the current density given in Table 72 T 


à 
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Table 81 


Mobility of lons in Gases at 760 mm Hg and 
20°С (in cm?/sec v) 


Мн | Positive ton Negative ion 
Gas | mobility mobility 


Air, dry ... 
Air, saturated 
pour . -> 
Argon ..... 
Carbon dioxide 
Нейт... + 
Hydrogen 
Oxygen ........ 


SIS 
ге lor-the ^ 
PS h a rise in press! 
Lx 


Notes. |. The values of the mobilit 
ionisation by X-rays. 

2. The mobility of ions in gases decr) 
and increases with the temperature. 


Ionisation Potentials (in Ele 


Ionisation lonisation lonisation Іопіза боп 
ргосез5 potential process potential 
He — Het 24.5 H+ H+ 13.5 
Ne = Ne* 21.5 о- 0+ 13.5 
М-М 15.8 H:O + H,0+ 13.2 
Аг > Art 15.7 Xe Хе+ 12.8 
H, Hg 15.4 о, 07 12.5 
N> N+ 14.5 Hg- Hg+ 10.4 
со, > CO.” 14.4 Na+ Na+ 5.1 
Kr Kr* 13.9 K>K+ 4.3 
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Table 83 
Emission Constants of Some Metals and Semiconductors 


А”, А”, 

z Ф, атр Element атр. 

Element ev [emt degree? ev cm? degrees 
luminium 3.74 = Nickel . 4.84 30 
Аны 2.35 = Platinum 5.29 32 
Barium 2.29 — Selenium 4.72 — 
Cesium 1.89 160 Silicon .| 4.10 a 
Chromium . 4.51 48 Tellurium . .| 4:12 зе 
Соррег 4.47 65 Тһогит...| 3.41 70 
Germanium 4.56 - а ans 4.11 = 

WOON 254-522 4.36 26 Tungsten 4.50 | 60-100 

Molybdenum 4.27 115 Uranium . | || 3,74 = 


Note. The work function depends markedly on the cleanliness of 


the surface and on impurities. The figures in the table are for pure 
specimens. , 


А 
Table 84 
Emission Constants of Films on Metals 


А', 
Element Film Фф. ev np 
cm?dcgree? 
Tungsten Barium 1.56 155 
б, Thorium 2.63 3.0 
M Uranium 2.84 3.2 
в Ж Cesium 1.36 3.2 
u ^ Zirconium 3.14 5.0 
Molybdenum,- Thorium 2.58 1.5 
Tantalum . 2.52 0.5 
Table 85 
Emission Constants of Oxide-Coated Cathodes 
А', 
Cathode Ф. еу BID. 2 
em?degree? 


Barium on oxidised tungsten 1 
Nickel — BaO — SrO. .... 1 
Barium — oxygen — tungsten 1 
Pt— Ni; BaO—SrO .. . is 2.45 
BaO on a nickel alloy | . 1.50-1.83 0.087-2.18 
Thorium oxide-coated cath- 

ode (mean value) RAE 2.59 4.35 
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Table 86 
Properties of Most Important Semiconductors 
(see also Figs. 46-49) 


Melting Width of Electron Hole 
Substance point, forbidden mobility, mobility, 
c gap, ev cm?/sec v cm?[sec v 
B 2,300 1.1 10 10 
C — graphi te =- 0.1 — — 
C — diamond - 6-7 1,800 1,200 
Si 1,414 1.12 1,900 50 
Ge 958 0.75 3,900 1,900 
Sn, gray - 0.08 3,000 - 
113 2.4 - — 
Se, gray 220 2.3 — = 
Te 452 0.36 1,700 1,200 
1 113.5 1.3 25 — 
Ag,Te 955 0:17 4,000 ES 
HgTe 670 0.2 10,000 100 
B; Te, 585 0.25 600 150 
Mg.Sn 778 0:36 200 150 
PbSe 1,065 0.5 1,400 1,400 
ZnTe 1,240 0.6 100 - 
PbS 1,114 1.2 650 800 
AgBr 430 1.35 35 - 
CdTe 1,045 1.45 450 100 
Cu,O 1,232 1.5-1.8 - 100 
АО, 2,050 2.5 - - 
ZnO 1,975 3:2 200 - 


Notes. |. Тһе values of the mobilities are given for room tem- 
perature and field intensities less than the critical field. 

Deviations from Ohm's law may occur, due to the field-depend- 
ence of the mobility. The least intensity for which such deviations 
are observed is called the critical field (E г) At t=20°C the critical 


field in 
n-type germanium E,,7900 v/em 
p-type germanium EQ,71,400 v/em 
n-type silicon Ec ,500 v/cm 
p-type silicon EQ,77,900 v/em 
The critical field decreases with decreasing temperature. 
2. The width of the forbidden gap in metals is of the order of 


0.1 ev; in dielectrics — over 10 ev. 
зз EMEN SS SS 
5* 
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Fig. 46. Dependence of 
resistivity 0 on 1/7 for 
intrinsic ^ semiconductor, 
the values of Q are plot- 
ted on the ordinate axis 
on a logarithmic scale. 
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в 


| Are germanium 


Resistivity, М/с” 


Noe уу 105 


OO ёз йй Y 


Fig. 47. Temperature dependence 
of resistivity of germanium. The 
values of the resistivity are plot- 
led on the ordinate axis on а 
logarithmic scale, the reciprocal 
of the absolute temperature- on 
the axis of abscissae NGe- 


number of germanium atoms, 
М ьт number of antimony atoms 


10* T 
——— ЧЕ] 
-/, (БЕ! 
PL a-t ‘P-lype L 
T 8 
N 
$ vt 
5 m 
EZ Fig. 48. De 
ES 1 pendeng of re- 
5 г sistivity of ger. 
85 manium (10 
S r 7 curves) , oy 
A- silicon (ир 
т” E ДЫ; i= curves), PU 
ra 
-tupé of impurity 
atoms. Tem- 
2% perature — 
OP ue Gago qu w d about 20° C. 


Number of impurity atoms per em? 
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A ET 
Ar az. 
Елга apre 

[2 SrTe 
2 2 
100 a 
ш 20 xor 107 27 074 
@ @ 


Fig. 49. Differential thermal e.m.f. versus temperature: a) lead tel- 

luride (upper curve—concentration of impurity atoms 3.5 x I0'cm—?, 

lower curve-0.5x10!*cm —7), b) antimony telluride (upper curve— 

concentration of impurity atoms 5.5xl0!*cm-?, lower сшгуе- 
3.5Х10% ст-5). 


Table 87 
Spark Gaps for Air at 760 mm Hg (іп mm) 


Form of 
electrodes Two Two spheres тес 
Potential pointed of diameter plates 
difference, wires 5 cm 
у 
20,000 15.5 5.8 6.1 
10,000 45.5 13 154 
100,000 220 45 36.7 
200,000 410 262 25.3 
300,000 600 530 114 


С. ELECTROMAGNETISM 
FUNDAMENTAL CONCEPTS AND LAWS 
1. The Magnetic Field. Magnetic Induction 


If a freely pivoted magnetic needle is placed near a wire car- 
rying current, the needle will be deflected (will be oriented in 
a certain direction). The forces causing this deflection are called 
magnetic forces. А ] К | 

А region of space in which magnetic forces act is called a 


magnetic field. 
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A magnetic field does not act upon electric charges at rest. 

The direction о], the magnetic field is defined as the direction 
of the force acting on the north pole of a magnetic needle placed 
at the given point of the field. 

The force acting on a wire carrying current in a magnetic 
field is determined by Ampère’s law: 


F=ilB sin f, (4,45) 


where / is the length of the wire, В —the angle between the di- 
rection of the magnetic field and the current in the wire; i, and 

are expressed in the same 
System of units. 

The quantity B in equation 
(4,45) characterises the magnitude 
and direction of the magnetic 
field and is called the magnetic 
induction. 

The magnetic induction is 
numerically equal to the force 
which the magnetic field exerts 
upon a unit current carrying 
element (i[—1) situated perpen- 
dicular to the field. 

The magnetic induction is a 
vector quantity. Its direction 
coincides with the direction of 
Fig. 50. Left-hand rule the magnetic field. The magnetic 

induction depends on the proper- 


The field intensity is ind 
dium; it is determined by ti 
ductor. 


ы В 
The quantity к= characterises the magnetic properties 
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Two sufficiently long straight parallel conductors of the same 
length / carrying currents і, and is, respectively, interact with 
a force 


rie, (CGSM) (4,46) 
__ ЇН 
pz 2да 


where a is the distance between the conductors and p is the per- 
meability of the medium, and pọ—the permeability of vacuum. 
Currents flowing in the same direction attract, currents flow- 
ing in opposite directions repel each other. 
The force acting on a moving charge in a magnetic field 
(called Lorentz' force) is 


F,=evB sina, (4,47) 


where e is the charge, v—the velocity and «—the angle between 
the direction of the velocity and the induction B. The Lorentz 
force is directed perpendicular to the plane determined by the 
vectors B and v. 


2. CGSM and SI Systems of Units 


In the CGS electromagnetic (CGSM) system the fundamental 
units are the centimetre, gram (mass), second, and for electric 
quantities—the permeability. The permeability of vacuum 
(п--1) is taken as the unit of permeability. The unit of current 
in this system is derived from the law of interaction of currents 
4,46). , 
f Te unit of current in the CGSM system is defined as such a 
direct current which, when flowing through two infinitely long 
parallel wires placed in vacuum 1 cm apart, causes them to 
interact with a force of 2 dynes per cm of their length. It is as- 
sumed that both wires have a sufficiently small cross-sectional 
rea. 
j The fundamental units of the SI system are the meter, kilo- 
gram (mass), second and the unit of current—ampere. 
An ampere is defined as such a direct current which when 
flowing through two infinitely long parallel wires placed in 
vacuum at a distance of one meter causes them to interact with 
a force of 2X 107? SI units of force per meter of their length. 

In this system the permeability is a derived quantity. For 


vacuum 
Jo 41 X107? henry/meter. 
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The unit of magnetic field intensity in the CGSM system is 
the oersted; in the SI system—the ampere per meter, (amp/m). 

А gauss is defined аз the induction of a magnetic field which 
acts оп 1 em of a straight conductor carrying 1 CGSM unit of 
current with a force of 1 dyne. 

The unit of magnetic induction in the CGSM system is the 
Gauss; in the SI system—the weber per square meter (weber/m?). 


3. Intensity of the Magnetic Fields of Currents 


The lines of, force of a magnetic field are defined as curves, the 
tangents to which coincide in direction with the intensity at each 
point. The magnetic lines 
of force are closed curves 
(as distinct from the lines 
of force of an electrostatic 
field); such fields are 
called vortical fields. The 
lines of force of a straight 
current-carrying conductor 
аге concentric circles 
tying in a plane perpens 
Fig. 51. Ma icular to the curren 
straight TES rar пее REDE aa (Fig. 51). The direction of 

tern formed by iron filings. the magnetic lines of force 
15 determined by the MN 

папа rule. If the thum 

Current of the right hand is placed 
along the wire pointing in 
the direction of the cur- 
rent, the curled fingers of 
the right hand will point 
in the direction of the mag- 
netic lines of force (Figs. 

Fig. 52. Magnetic field due to cur- 51, 52 and 53). 


rent in a solenoid, patte The intensity of the mag- 
"^^ "gy tron fines. ^ 77 5 пес field* generated by 
> 1 
length А/ carrying a current i is (Fig. 53) THEE DU соленото 
iAl sina 
AH XC S (4,48) 


тесте т. 2.2 22.2. 


* The followi a " i s 
citer Ree formulas are written in the CGSM system, unless 
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where r is the distance from the element A/ to the point for 
which the intensity is sought, a—the angle between A/ and г. 
This relation is called Biot and Savart's law. 

The magnetic field inten- 
sity of a long straight current- 
carrying wire is 


ei. 1 
a 


where a is the distance from 
the wire to the point at which 
the intensity is sought. 

The magnetic field intensity 
at the centre of a circular 
loop of current-carrying wire is 


2лї 
asa 0 
Н--» (4,50) 
where R is the radius of the 


loop. » 
The magnetic field intensity 
inside a toroid (Fig. 54) is 


2i (4,51) 


= , 


r 


Fig. 53. Illustration of 
Biot and Savart's law. 


where N is the total number of turns of wire, r—the radius of 
the toroid. р 

The field intensity inside a straight solenoid, whose length 
considerably exceeds the diameter of a turn is 


Н =4лпі, (4,59) 


where л is the number of turns per cm of the length of the sole- 
noid. In such a solenoid the field intensity is the same in mag- 
nitude and direction at all points, i. e., the field is homogeneous. 
In electrical engineering the product лі for a solenoid is 
called the. number of ampere-iurns per centimeter. 
1 oersted— 1/0.4zt атреге-Ёигпз/ст == 1  ampere-turn/cm. 
The field intensity of а moving charged particle (Fig. 55) is 


ev ѕіп 
—— 


H ? (4,53) 


where v is the velocity of the particle, r—the distance from the 
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Fig. 54. Toroid. Fig. 55. Magnetic field of 
moving charge. 


particle to the point of interest, 9—the angle between the di- 
rection of the velocity and the line drawn from the particle 
to the given Point of the field. 


4. Work Performed in the Motion of a Current-Carrying 
Wire ina Magnetic Field. Electromagnetic Induction 
When a current-carrying wire moves through a magnetic 
field work is performed: 


A— i (0,—0,), 


Kw” 


Fig. 56. Magnetic flux through surface S. 


(4,54) 


Ф = В cosa. (4,55) 
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The unit of magnetic flux in the CGSM system is the maxwell, 
in the SI system—the weber. 

When the magnetic flux through a circuit is changed an elec- 
tric current is induced in the circuit, This phenomenon is called 
electromagnetic induction, and the current thus generated is 
called an induced current. 

The direction of the induced current is always such that the 
magnetic field of the current opposes the change in flux which 
caused the induced current (Lenz' law). 

The magnitude of the induced electromotive force is given 
by the formula 

АФ 
ё= MC (4,56) 


In other words, the induced e.m.f. is equal to the time rate of 
change of the magnetic flux through the loop. The negative 
sign indicates the direction of the e.m.f. (in accordance with 


Lenz' law). 


5. Self-Induction 


Any change in the current in a conductor leads to the appear» 
ance of an induced e.m.f., due to the magnetic flux of thecur- 
rent. This phenomenon is called self-induction. 

The self-induced e.m.f. can be computed by the formula: 


At 
$,-—LA (4,57) 


where L is the self-inductance, Aj—the rate of change of the 


current. L depends on the geometrical shape and dimensions 
of the conductor and on the properties of the medium. 
The unit of inductance in the SI system is the henry, in the 


CGSM system —the centimeter. 
A henry is defined as the inductance of a conductor in which 


a change of current of 1 ampere per second induces ап e.m.f. 
of 1 volt, 
1 henry — 10? cm. 
The inductance of a solenoid with a core is 


4ли\?$ 


1 (em), (4,58) 


L=k 
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where ц is the permeability, S—the cross-sectional area of the 
solenoid, /— һе length of the wire, k—a coefficient depending 
on the ratio of the length of the wire to the diameter of the coil 
(I/d). Table 96 gives values of k. It should be observed that when 
L is computed using formula (4,58), the quantity ц for ferromag- 
netic materials will depend on the shape of the core. 

The inductance of a coaxial cable of length / is 


L=% К (cm), (4,59) 
ЁК, 


where R, and R, are the radii of the external and internal 
cylinders. 


The inductance of a two-wire line of length / and radius of the 
wires r (for r<a) is 


L=4yl In # (em), (4,60) 


where a is the distance 


The energy of the mag 
rent is 


between the axes of the wires. 
netic field of a conductor carrying cur- 


pu^ (4,61) 


The region of Space in which a magnetic field exists contains 
stored energy. The energy density of a homogeneous magnetic 
Ded (the energy рег unit volume) can be computed by the for- 
mula: 


8x * (564) 


"OUR (4,63) 

where S is the cross-sectional area of the pole-pi ag- 

net, and i,—the permeability of air. БР ЕНЕ MAg 
Eddy currents are induced currents in massive conductors 

placed in a variable magnetic field. 

EC CR 


* See footnote on р. 102. 
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6. Magnetic Properties of Matter 


Magnetic materials are materials in which a state of magnet- 
isation can be induced. When such materials are magnetised 
they create a magnetic field in the surrounding space. 

The degree of magnetisation of a magnetic material is charac- 
terised by the magnetisation vector 1 which is proportional to 
the field intensity generated by the material. 

The magnetic induction B is a vector quantity which is equal 
to the average value of the induction inside the material. This 
quantity is composed of the induction due to the field of the 
magnetising current (UoH) and the induction due to the field 
of ihe magnetic material (477): 


B= Н 4-421, (CGSM) (4,64) 


where jo is the permeability of vacuum. 
The magnetisation vector and the intensity of the magnet- 
ising field are connected by the formula: 


1—XH, (4,68) 


where the quantity 7, called the magnetic susceptibility, de- 
pends on the nature of the magnetic material and on its state 
(temperature, etc.). 

Since B=pH, then 


к= pot 477. (CGSM) (4,66) 


Materials for which u> 1 (but small!) are called paramag- 
netic, if p<1 the material is called diamagnetic. Materials for 
which p. is much greater than unity are called ferromagnetic. 
Ferromagnetic materials are crystalline. 

Ferromagnetic and paramagnetic materials differ in a number 
of their properties. 

a) The magnetisation curve, which expresses the relation be- 
tween H and B, is a straight line for paramagnetic materials, 
but it is an intricate curve for ferromagnetic materials. This 
means that p is a constant for paramagnetic materials, while 
for ferromagnetic materials it depends on the field intensity. 

b) The magnetic susceptibility of ferromagnetic materials 
varies with the temperature in a more complicated manner; 
at a certain temperature Te called the Curie temperature (Curie 


149 CH. IV. ELECTRICITY 


point) the ferromagnetic properties disappear: the ferromagnetic 
ecomes paramagnetic. 

ще kc d oi ferromagnetic material depends, 
in addition to the field intensity, on the magnetic history of 
the sample: the value of the induction lags behind that of the 
field intensity. This phenomenon is called hysteresis, and the 
curve depicting the dependence of B on Н in the process of re- 
magnetisaticn (Fig. 57) is called a hysteresis loop. 


Fig. 57. Hysteresis loop: 01- 

curve of 'magnelisation from 

unmagnetised state, /23 — demag- 
netisation curve. 


The value of the residual magnetic induction of the ferromag- 
netic material after the magnetising field has been reduced to 
zero (H—0) is called the retentivity (B,). 

The coercive force (H,) is the value of the magnetic field in- 
lensity needed to reduce the residual induction to zero (the 
direction of this field must be opposite to that of the retentivity). 

The saturation value (,) is the greatest value of the magnet- 
isation /. When a ferromagnetic material has been magnetised 
to the saturation value, further increase of the field intensily 
will have practically no effect on the magnetisation. The magnet: 
ic saturation is measured in gausses. 

The initial permeability (ио) is the limiting value of the per- 
meability, when the intensity and the induction tend to zero. 
9 


Ho = limp. 


[г 0 


The properties of ferromagnetic material 
means of the domain theory of 
this theory, in the absence of an 


s are explained by 
magnetisation. According to 
external magnetic field a fer- 
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romagnetic material is composed of many small regions or 
domains each magnetised to saturation. In the absence of an 
external field the directions of magnetisation of these domains 
are distributed in such a way that the total magnetisation of 
the specimen is zero. 

When a ferromagnetic material is placed in a magnetic field 
the domain boundaries are displaced (in weak fields) and the 
direction of magnetisation of the domains rotates towards the 
direction of the magnetising field, as a result of which the mate- 
rial becomes magnetised. 
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Magnetic Field of the Earth 


The earth is surrounded by а magnetic field. The curve drawn 
through the points of the earth's surface at which the intensity is 
directed horizontally is called the magnetic equator. | 

The points of the earth at which the intensity is directed verti- 
cally are called the magnetic poles. There are two such points: the 
north magnetic pole (in the southern hemisphere) and the south mag- 
netic pole (in the northern hemisphere). 

The magnetic field intensity at the magnetic equator is about 0.34 
oersted; at the magnetic poles it is about 0.66 oersted. In some places 
(the regions of the so-called magnetic anomalies) the intensity 
increases sharply Іп the region of the Kursk magnetic anomaly it is 


2 oersteds. 


Table 88 


Properties of Some Steels Used in Electrical Engineering 


Initial Maximum i 1 2 
>ы. | "permea" | Coercive |inguetion | Else, 
Steel lity m mum force steds, ohm 
аи55/оег- Uu - oerste 
dm sted gauss mm?/m 
2331 250 5,500 0.55 15,200 0.52 
341 300 6,000 0.45 14,900 0.6 
Э 42 400 7,500 0.4 14,900 0:6 
Э 45 600 10,000 0.25 14,600 0.62 
Э 310 1,000 30,000 0.12 17,800 0.5 
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Table 89 
Properties of Some Iron-Nickel Alloys 


lloys have a high permeability, which decreases sharply 
at Desv. and high frequencies, and in addition, de- 
pends strongly on mechanical strains. 


Initial | Maximum Saturation 
permeabi-| permea- Coercive value of 
Alloy lity, bility, force, magnetisa 
Bauss/oer- | gauss/oer- | oersted tion, gauss 
sted sted 
Chromium-permalloy 
(Н80хс).... 2, 3,000 | 150,000 | 0.015 6,500 
Giperom 50... 3,400 28,000 | 0.06 = 
Giperom $66 . . : | 14/900 45,000 | 0.04 <= 
Iron, technically pure 200 5,000 1.0 21,500 
Molybdenum-permal- 
loy (4% Мо). 2,000 | 120,000 | 0.09 8,500 
Permendur . . 800 4,500 | 90 24,000 
Silicon iron 450 5,000 | 0.4-0.6 | 20,000 
Superpermalloy 
MON cas ees eee 100.000 | 800,000 | 0.004 7,500 
Table 90 
Properties of Some Magnetically Refractive Materials 


These materials are characterised by a high coercive force, and 
аге used in the manufacture of permanent magnets. The maximum 


value of the quantity em is an important c 


lity is proportional to the maximum energy of the magnetic field 
surrounding the ferromagnetic materi. 


haracteristic, This quan- 


al. 
Малі 
Coercive value ol 
Magnet, material force, ушеш: quantity 
oerst ed Ж gauss H В|8л, 
erg/cm? 
Alloys: alni . . 550 5,500 52,000 
-  alnico | 500 7,000 61,000 
ы шаші... 800 4,000 684000 
+. арса 2... 50 12,00 90,00 
Chromium steel ЭЕХЗА 60 91000 ui ‚000 
Cobalt steel SEK3O . . 220 9,000 37,000 
Molybdenum steel... ; 10,000 = 
Platinum alloys . |. |! 1,500-2,700 | 4,500:5,800 E 
Tungsten steel ЭЕВА 6 10,000 12,000 
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Table 91 


Properties of Magneto-Dielectrics 


Magneto-dielectrics (and ferrites) аге materials possessing both a 
relatively high magnetic permeability and a high electric resis- 


tivity. 


Maximum ope- 
rating fre- 


Material 
quency, Mc/sec 


и, 
gauss/oersted 


Alsifer РЧ-6... 5-6 50 
” pu.9 .. 9-10 2-3 
» ФИ 25 . 20-24 1 
Carbonyl iron . . 1 30-50 
Magnetite ..... 6-9 5-10 
Table 92 


Principal Properties of Ferrites 


Ferrites are mixtures of metals (nickel, zinc, iron) subjected to 
special heat treatment, as a result of which they acquire a high re- 


sistivity. 


m Maximum 
' operat 
Ferrite gauss/oer- ee B max» gauss 
ей ture, °С 
Ferrocart-2,000-1 .... 2,000 55 2,500 
Ferrocart-2 000-11 21000 70 27500 
Ferrocart-1,000 1,000 110 3,200 
Ferrocart-600 ... 600 120 3,100 
Ferrocart-500 . . 500 120 2:800 
Ferrocart-400 .. 400 120 2,300 
Ferrocart-200 . . 200 120 11800 
Ferrocart H-4 . . 200 250 11200 
Ferrocart H-5 М 150 360 4.800 
Ferrocart Р4-15 ... 15 400 1,850 
Ferrocart P4-10 ... . 10 400 1,400 
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Table 93 


Permeability (u) of Paramagnetic and Diamagnetic 
Materials in CGSM Units 


Diamagneti 
ЕЕЕ ТТІ 
AT. oss s . 0.38 Benzene ..... 7.5 
Aluminiu 2 23 Bismuth ... ! 176 
Ebonite 4 GODDEF o ane nc 10.3 
Liquid oxygen 3.400 DC WP de: 12.6 
Nitrogen ..... 0.013 | Hydrogen’ .;;: 0.063 
Oxygen... ... 1.9 Quatlz а... 15.1 
Platinum... .. 360 Rock salt 12.6 
Tungsten .....,. 176 WHE 525,22. 9.0 

Table 94 
Curie Points of Metals 
Substance Tc, °C Substance Tc, °C 


Gadolinium . , 20 || Magnetite 585 
Permalloy. 30%... 70 ron, electrolytic’ | | 769 
PERMIT BINE Xo uu 200 Ітоп,  resmelted in s 
MEET EN = 358 hydrogen . .. s 774 

9; 7895... 550 Cobalt 2 17... 1,140 
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Table 95 


Speciflc Magnetic .Susceptibility (per gram) of Some 
Metals at 18°С in CGSM Units 


The specific susceptibility yp is equal to the ratio of the suscep. 


tibility x to the density of the material p: %sp=%, 
p 

Metal XspX 10° Metal XspX 108 
Aluminium Е 0.58 Manganese ы 7.5 
Antimony 2... --0.87 Mercury ри Е 7871: 
Cadmium pO —0.18 ||Selenium . «| —0.32 
Calcium у ә че 0.5 Silver .| —0.20 
Chromium ... 6. 3.6 Sodium . К 0.6 
Соррег xg —0.086 | Tellurium ‚| —0.31 
Germanium ... —0.12 Tin 0.03 
Indium sso sie» —0.11 Tungsten 0.28 
Lead soo 5 27 . -0.12 Vanadium 14 
Lithium 523 0.5 Zinc ......... —0.157 


Dependence of Magnetic Permeability and Induction 
on the Magnetic Field Intensity 
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Fig. 58. 


ields. 


Dependence of рег- 
meabilily of iron and permal- 
loy on the сену in weak 


curve 


Fig. 59. Dependence of induction on 
intensity (curve / — electrolytic iron; 
2 -low-carbon 
3—cast steel; curve 


steel, curve 


# —саѕі iron). 
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Fig. 60. Hysteresis loop for soft iron and tem- 
pered steel. 


Table 96 
Values of Coefficient & for Calculating Inductance 
Ratio of length of winding 
to diameter (1/4) 9.1 | 0.5 1 5 10 
k | 0.2 | 0.5 | 0.6 | 0.9 БЕ 


Note. For 1|4 > 10 k is close to unity. 


D. ALTERNATING CURRENTS 
FUNDAMENTAL CONCEPTS AND LAWS 

An alternating current is one which periodically reverses 
its direction. 

A current which varies periodically only in magnitude is 
called a pulsating direct current. 

In practice most frequent use is made of alternating currents 
which vary sinusoidally (Fig. 61). Periodic currents which vary 
otherwise than sinusoidally can be represented to any degree 
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of approximation by a sum of ¢ 
sinusoidal alternating currents 
(see p. 77). Е 
The instantaneous values of а 
sinusoidal alternating current and 
voltage are given by the formu- 
las: z 
i= 1 sin ot, (4,67) 


u=U ѕіп (ө). (4.68) 
о = 2л/, (4,69) 


where /,„ and Up are the maxi- 
mum values (amplitudes) of the Fig. 61. Graph of alternating 
current and the voltage, @ is the e.m.f. and cS Gine law, 
angular (cyclic) frequency of the нь 
current, (—the time, q—the phase shift between the current 
and the voltage (see p. 80). [—the frequency of the current. 

The effective value of an alternating current (/) is defined as 
the direct current. which would develop the same power in an 
active resistance as the given alternating current. 

In most cases (but not always!) ammeters and voltmeters 
show the effective values of the current or voltage. 

For sinusoidal currents 


l= ж (4,70) 
U 
=з . (4,71) 


An inductor L (a device possessing inductance) in an alternat- 
ing-current circuit acts like a resistance R; іп the circuit, i. e., 
it reduces the current. | 

The quantity Ry which describes the behavior of an inductor 


is called the inductive reactance: 
R,=ol, (4,72) 


and is due to the appearance of an e.m.f. of self-induction in 


the coil. ' А i 
An alternating current in an inductor lags behind the voltage 


by 90°. 

УА capacitor in an alternating-current circuit conducts cur- 
rent (as distinct from direct current!). The quantity which de- 
scribes the behavior of acapacitor in an alternating-current cir- 
cuit is called the capacitive reactance: 


| 
Ro 4,73) 
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The current in a capacitor leads the voltage by 90°. 
In a circuit containing resistance, inductive reactance and 
capacitive reactance connected in series the quantity 


Жа V s (on LY. (4,74) 


called the impedance, is analogous to the resistance of a direct- 
current circuit. 

For Аџ= Кс the impedance is a minimum (see formula (4,74)), 
and the current has its maximum value. This phenomenon is 
called series resonance. Р 

The phase difference between the current and the voltage is 
determined írom the relations: 


1 
oL——— 
оС 
tang= > (4,75) 
cosp= 5. қ 


The power developed Бу ап alternating current in the circuit is 
P—UI cosq. (4,76) 


TABLES AND GRAPHS 


Resistance to Direct and Alternating Current 


The change in resistance depends on a parameter £: 


ioa HE 
o 


where d— is the diameter oi — the fı с/зес), 
Q—the resistivity (ohm cm), һ-іһе Шын геамепсу (аан 


ance of the wire to alternating current i 
Касі e of the 
same wire to direct current, Sce costae 


the wire (em 
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Wres 500 1000 


Cyclic frequency, (radians/sec) 
Fig. 62. Graph of R,,/Rg, Versus t 


Variation of Inductive Reactance, Capacitive Reactance and 
Impedance with Frequency 


Dcum e£ 3p mA Ш 2 14 1 18 204 
ғана VEE 
Fig. 63. Graphs of Ку, Ro and Z versus for 


1-1 henry, С-10 pid, Қаз-100 ohms (it is as- 
‘sumed that Ra is independent of the frequency). 
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Table 97 


Depth of Penetration (c) of High Frequency Currents 
(for a Straight Copper Wire with Circular Cross-Section) 


Frequency 10 kc/sec LM Mese ione 100 Mc/sec 
Depth of penetra- 
thon, тит е | 0.65 | 0.21 | 0.065 | 0.021 | 0.006 


Notes. 1. Calculations can be made [о 


г other frequencies and other 
materials by means of the formula 


o=50.33 Ve 


where Q is the resistivity (ohm mm?/m), u 
material, f —the frequency (c/sec). í 

2. The depth of penetration is the distance from the surface o 
the wire at which {һе current density 156 times less than at the 
surface, where e is the base of natural logarithms (ez . 


—the permeability of the 


E. ELECTRIC OSCILLATIONS AND 
ELECTROMAGNETIC WAVES 


FUNDAMENTAL CONCEPTS AND LAWS 


Oscillatory variations of the cl 
electric circuit are called electri 


electric current is an example of electric oscillations. High- 


е generated as a rule by means 
n oscillating circuit is a closed circuit 


Ty=2n V LC. (4,77) 
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f 


Fig. 64. 


current in 


Graph of 
with damped oscillations. 


153 


circuit 


This relation is called Thomson’s formula; it is valid in the 


absence of energy 
cuit (when an ohmic resistance 
is present) the natural 05- 
cillations of the circuit are 
damped: 


2x 
ЕГІ тан э 
таза 
LC 2L 


В. er 
The term ar is usually very 


small. Fig. 64 
graph of damped 
in a circuit. 

When an alternating e.m.f. 
is applied to the circuit, 
forced oscillations arise in it. 
The amplitude of the forced 
oscillations will be greatest 
when the natural frequency 
oi the circuit coincides with 
the frequency of the sinusoi 
non, which finds wide applicat 
electric resonance. 


Tu ‚ (4.78) 


represents à 
oscillations 


losses. In the case of energy losses in the cir- 


Fig. 65. Resonance curves for 
different values ой tlie circuit re- 
sistance. The ordinates are the 
maximum values of the current 
Im the abscissae — the frequen- 
cies of the e.m.f. 


dal e.m.f. (Fig. 65). This phenome- 
ion in radio engineering, is called 


The amplitudes of the charge and the voltage in forced oscil- 
lations are greatest when the frequency of the imposed e.m.f. 
differs slightly from the natural frequency of the circuit. 
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Electromagnetic waves represent а process of simultaneous 
propagation of variable electric and magnetic fields. The vectors 
of the electric and magnetic field intensities (E and H) in an 
electromagnetic wave are perpendicular to each other and to 


Е 


< 


a 


Fig. 66. Vectors Е, H, and v 


in electromag- 
netic wave. 


the direction of propagation of the waves (Fig. 66). This is true 
for the propagation of electromagnetic waves in vacuum. 

The velocity of electromagnetic waves in vacuum is inde- 
pendent of the wavelength and equals 


Co = (2.99776 +. 0.00004) x 1010 cm/sec. 


. The velocity of electromagnetic waves in different media 
is less than in vacuum: 


Gus UR. Y (4,79) 
n 


where n is the index of refraction (see p. 160). 


The Electromagnetic Spectrum 

The wavelengths are plotted logarithmically. 

The first horizontal row gives the wavelengths (upper values 
in different units of length, lower values in cm). 

The second row gives the frequencies in Cycles/sec, the third 


and fourth rows—the names of the wavelength and frequency 
ranges, 


Rows 5 and 6 show the t 
rows 7 and 8—the principal 
netic oscillations. 


ypes oí electromagnetic radiators, 
methods of generating electromag- 
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Low-frequency and radio waves have the lowest frequencies; 
such waves are generated by various artificial oscillators. 

Infrared radiation is emitted mainly by oscillating parts 
of molecules or groups of atoms. 

Light waves are emitted by atoms and molecules when elec- 
trons in the outer shell pass from one stable orbit to another 
(see p. 190). & 

Ultraviolet rays have the same origin as light waves. 

X-rays are emitted when electrons in the inner shells of atoms 
pass from one orbit to another. 

Gamma-rays are emitted in the radioactive decay of atomic 
nuclei. 

Further information on the properties of various types of 
waves will be found in Chapter V: Optics. 


| 


CHAPTER V 
OPTICS 


FUNDAMENTAL CONCEPTS AND LAWS 


Light is electromagnetic radiation ob w 
ably shorter than that of radio waves (see the electromagnetic 
spectrum). Such radiation is emitted by atoms when their elec- 
trons jump from one orbit to another (see p. 190). 


avelength consider- 


~ 1. Photometry 


The energy: radiated by a body per second is called the inten- 
sity of radiation. The energy transmitted by 
second to a suríace is called the flux of radi 


the luminous flux. Since the sensitivity of t 
different wavelengths, the ratio of the flux of 
luminous flux. will als 


relative brightness sensitivity of the eye 
(K,). The curve of K, versus is called the curve of relative bright- 
ness sensitivity. 


The luminous intensity (1) is define 


A 3 d as the luminous flux 
emitted by a point source of light into 


unit solid angle. 


Lorum (5,1) 


where Ф is the luminous flux, and Q—the solid angle. 
The unit of luminous intensity is called the candela.* 


* The present standard of luminous egy is constructed in the 
form of a black body radiator (Fig. 68; see also р. 170) kept at the 
temperature of molten platinum, at 2,042.6° К. 
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The unit of luminous flux is the /umen. One lumen is equal 
to the luminous flux contained in a solid angle of one steradian 
when the luminous intensity is one candela. 

Prior to the introduction of the new standard candela, the 
international candle in the form of electric bulbs of special de- 
sign was used as the standard 
of luminous intensity. SSS) 

1 international candle = SS жш 
1.005 candelas. Я 

The illuminance (E) is the 
luminous flux incident on unit 
area of a surface: 


=o: (5,2) 


where S is the surface area 
receiving the luminous flux. 
The units of illuminance 
are the /ux and the phot: 
1 Iux=1 lumen/m?, 
1 phot =1 lumen/cm?. 


е S dd 


The brightness of an extend- 
ed light source (or surface seen 
by reflected light) is referred E Tem "ues Seid 

i i - п. 68. U ate stan- 
to, technically as its lu ЕН kouka: ШЕ adr 
тїпапсе (В): num, 2—fused thorium oxide 


1 tube, ШІ Hen oxide 
"s n cup horium oxide pow- 
В= 5” (5.3) der, silica container. 


where S is the visible area of the surface (the area of the projec- 
tion of the surface on to a plane perpendicular to the line of 
vision), and / is the luminous intensity. 

Luminance is expressed in units of luminous intensity per 
unit area, as candelas/m?. 

An old unit of luminance is the sfilb. 

A stilb is equal to the ]uminance of a source which radiates a 
luminous intensity of 1 candela рег cm? of luminous surface. 


1 stilb = 10* candelas/m?. 
Photometry deals with luminous intensity, luminance and 


illuminance, as determined by visual perception and Írom meas- 
urements of the luminous flux. 
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2. Principal Laws of Geometrical Optics 


Geometrical optics deals with those phenomena which can 
be explained on the assumption that light travels through a 
homogeneous medium in a straight line. 

The angle of incidence is the angle between the incident ray 
and the normal to the interface between two media at the point, 
of incidence. The angle of reflection is the angle between this 
normal and the reflected ray. The angle of refraction is the angle 
between the normal and the refracted Tay. 

1. When a ray is incident on the interface between two media 
the angle of incidence is equal to the angle of reflection. The 
ncident ray, the normal, and the reflected ray all lie in the same 
plane. 

The magnitude of reflection is characterised by the reflection 
coefficient p, which is equal to the ratio of the energy flux in 
the reflected wave to that in the incident wave. 

(The reflection coefficient is frequently expressed in per cent.) 

2. The ratio of the sine of the angle of incidence to the sine of 
the angle of refraction is a constant (for a given wavelength). 


The incident ray, the normal, and the refracted ray are in the 
same plane. 


ise (5.4) 
sin i 
The quantity л is called the relatizi 


j p e index of refraction oi the 
second medium with respect to the 


first medium, and is equal 


ht inthetwo media: nak : 

2 
The index of refraction with respect to vacuum is called the 
absolute index of, refraction of the medium. The index of refrac- 
tion n depends on the wavelength. 

A ray passing ігот a medium with a greater index of refraction 
to a medium with a smaller index of refraction can undergo 
total reflection. The least angle of incidence іс, at which all the 
energy of the light is reflected from the interface is called the 
critical angle. The magnitude of the critical angle i,, is deter- 
mined from the formula E 


to the ratio of the velocities of lig 


кү 1 
sini =, 
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where л is the relative index of refraction of the medium in 
which total reflection takes place. 
Rough suríaces reflect light rays in all directions (diffuse 
reflection), as a result of which they are visible to the eye. 
When light passes through thin metal plates its intensity is 
reduced. The change in the luminous intensity (for normal inci- 
dence on the plate) is given by the relation 


-smn 75 
l= 106 gem 


where /, is the incident light intensity, /,—the intensity of the 
light after passage through a plate of thickness x, A—the wave- 
length, e—the base of natural logarithms, n and k—optical 
constants of the metal which are determined from the relations 


n?k 


Here о is the conductivity of the metal, v—the frequency of the 
light wave, and e—the dielectric constant. 


3. Optical Instruments 


The formula of a thin lens (Fig. 69) is 
led = 2-5) =L 
-т gale »( Я ғ, (5,5) 


where а is the distance from the lens to the object, a'—the dis- 
tance from the lens to the image, f—the focal length of the lens, 
rı and гь ће radii of curvature of the spherical surfaces of the 
lens, n—the relative refractive index of the material of the lens. 

In formula (5,5) the quantities a, a’, гу, and ғә are considered 
positive when their directions, as ‘measured from the lens, coin- 
cide with the direction of the light rays; otherwise they are 


considered negative. bans А 
The magnification of a magnifying glass is 


250 
M => З 6.6) 


where f isthe focal length in millimeters. 


6 —1719 


Fig. 70. Path о! rays in microsco; 
lent to microscope Objective and eyi 
to optical system of observer's eye, 

of eye 


ре. О, and 0, — lenses equiva: 
epiece, 0,— lens equivalent 
A,B,—image of AB on retina 


Fig. 71. Path of rays in telescope. 
single point of the object, 2—rays eme 
of the object. 


1—тауѕ emerging from а 
rging from another point 
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The overall magnification of a microscope is 


A 250 
М---х-- 
IS SP 


where f, and f, are the focal lengths of the objective and the 
eyepiece in millimeters, А is the distance from the upper focus 
of the objective to the lower focus of the eyepiece in millimeters 
(Fig. 70). 

The magnification of a telescope is 


US (5,8) 


where f, and f, are the focal lengths of the objective and the 
eyepiece (Fig. 71). 
The reciprocal of the focal length is called the power of the 


lens: D= + The unit of power of a lens is the diopter (D), 


equal to the power of a lens with a focal length of 1 m. 


4. Wave Properties of Light 


Interference. When two waves travel simultaneously through 
a medium there will be а resultant vibration of the parti- 
cles of the medium at each point (in the case of mechanical 
waves), or aresultant oscillation of the electric and magnetic field 
intensities (in the case of electromagnetic waves). The resultant 


oscillations will be determined by the amplitude and the phase 


of each of the waves. 
The superposition in space of two (or more) waves of the same 


period leading to a reinforcement of the resultant amplitude at 
some points and to a diminution of the amplitude at others is 
called interference. > Же: 

Interference of waves of any kind (including light waves) takes 
place only if the superposed waves have the same period and a 
constant phase difference at each point. Sources which generate 
such waves are called coherent. For polarised waves (see p. 167) 
to display interference it is necessary in addition, that their 
planes of polarisation coincide. 

Coherent sources of light can only be obtained artificially. 

In a homogeneous medium every colour corresponds to a 
definite frequency of the wave. When a wave passes into another 


6* 
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medium, the wavelength changes, but the frequency remains 
the same. 
Daylight consists of electromagnetic radiation of various 
wavelengths (corresponding to colours from red to violet). 
The colours of thin films are due to the interference of waves 
reflected from the upper and lower surfaces of the film (when 
observed in reflected light). 
4 When observed in transmit- 
ted light interference takes 
place between the transmitted 
waves and the waves reflected 
from the upper and lower 
(a) surfaces of the film. 
Diffraction. The deflection 
of light from а rectilinear 
path otherwise than by reflec- 
lion or refraction is called 
diffraction. Fig. 72 depicts 
schematically a long narrow 
slit, by means of which it is 
possible to observe the phe- 
nomenon of diffraction. Light 
falls perpendicularly on the 
surface containing the slit. 
Upon passing through the slit 
the light rays are deflected 
from a straight path, and asa 
result of the subsequent super- 
position (interference) of the 
light waves one will observe 
Fig. 72. Diffraction of paratte; light and dark fringes оп the 
rays by a single slit, a) Schemat- Screen. 
direction of the ас ras inte, Positions of the dark 
AB—lens, O—optical centre oj inges are determined by the 
lens, S—screen in focal plane ої condition 


ыш bsinB=nh, (5,9) 
where В is the angle between the normal and the given direction. 
n—an integer, and b—the width of the slit. 

А series of narrow parallel equi-distant slits of equal width 
is called a diffraction grating. The width of a slit plus the dis- 
tance between two adjacent slits is called the grating interval. 

Fig. 73 gives a schematic depiction of a diffraction grating. 
The positions of the fringes of maximum intensity on the screen 
are determined from the condition (for normal incidence of 
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light on the grating): 
d sin а= nÀ, (5,10) 


where d is the grating interval. 

Due to the diffraction of light waves there is a limit to the 
ability of optical instruments to show increasingly greater detail 
on the suríace of an object at higher magnifications. 


[4 d 2 


The smallest distance between two points at which their 
images do not overlap is called the least separation for resolu- 


tion of an optical instrument (б). 6 | 
For a microscope the least separation for resolution is: 


0.61). 
sinu ’ 


(5,11) 


where u is the aperture angle (half the angle subtended by the 


6*—1719 
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extreme rays from a point on the object which enter the objec- 
tive and reach the observer's eye). : е а : 

Dispersion of light. The velocity of light in а given medium 
depends on the wavelength. This phenomenon is called disper- 
sion of light velocity. 


Fig. 74. Path of rays in glass prism. 


The index of refraction also varies with the wavelength (dis- 
persion of the index of refraction). 

Due to dispersion white light (which consists of radiation of 
different wavelengths) is broken up by a glass prism into its 


Quarte 
crystal 


Fig. 75. Rotation of plane of 
quartz plate. 


polarisation of polarised ray in 


components. Rays of shorter wavelength are bent towards the 
base of the prism more str: 


ongly than waves of greater wavelength 
(Fig. 74). 


Polarisation of light. In the li 


sources the vectors Ё (and, hence, H) are oriented randomly. 
Such light is called natural light. 

It is possible (for example, b 
a plate of tourmaline) to obtain 


ight waves emitted by different 


Y Passing natural light through 
waves in which the H vectors 
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will have a single direction at all points in space. Such waves 
are called linearly polarised (or plane polarised). 

In linearly polarised light each of the vectors E and H lies 
in a given plane. The plane of the vector of magnetic field inten- 
sity H is called the plane of polarisation. Some substances (for 
example, quartz, aqueous solutions of sugar) have the ability 
to turn the plane of polarisation of linearly polarised light pass- 
ing through them. This phenomenon is called rotation of the 
plane of polarisation (Fig. 75). 

Light can be partially polarised by reflection from a dielec- 
tric. At a certain angle of incidence the reflected light is complete- 
ly polarised. This angle is called the polarising angle. It can be 
determined from a relation called Brewster's law: 


{ап iy — n, (5,12) 


where n is the index of refraction. 
Pressure of light. When electromagnetic waves strike the 
surface of a body they exert mechanical pressure upon it 


(called the radiation pressure). pee 
The magnitude of the radiation pressure is given by 


w 
p=- 4 +p), (5,13) 


where W is the quantity of radiation energy incident normally 
on | cm? of surface per sec, c—the velocity of light, p—the re- 
flection coefficient. 

The pressure exer 
equal approximately to 0.4 ¢ 


ted by the sun’s rays on а bright day is 
lyne/m? (4x 1078 Фупе/сіт 2). 


5. Quantum Properties of Light 


The energy of any form of electromagnetic radiation, including 
light, always exists in the form of discrete portions. These por- 
tions of energy, which possess the properties of material corpus- 
cles, are called radiation quanta or photons. The energy of a pho- 
ton depends on the frequency of the radiation v. 

The energy of a photon e=hv, where h=6.623 x 107 7 erg sec. 
The constant A is called Planck’s constant. 

According to the fundamental principles of modern physics 
(theory of relativity), whenever the energy of a system changes 
by an amount 8 there is an equivalent change in the mass of the 


system equal to E (c is the velocity of light). Hence, for every 


ы 
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photon emitted by a body its mass decreases by an. amount 
Пу 
Am=—y- 


Those properties of light which are due to the discrete nature 
of radiation are called quantum (or corpuscular) properties. 

Light, like all other forms of electromagnetic radiation, pos- 
sesses both wave and corpuscular properties, 

The photoelectric effect is one of the manifestations of the cor- 
puscular nature of light. The emission of electrons from the sur- 
dd an illuminated body is called the external photoelect ric 
effect, 

Laws of the external Photoelectric effect. 1. The saturation 
current is directly proportional to the light flux, the spectral 
composition of the light remaining constant. 

2. The maximum velocity of the emitted electrons is indepen- 
dent of the light intensity, and is determined by the frequency 
of the incident light. It may be found from the equation 


то? 


DESC (5,14) 


where Лу is the energy of a photon, Q9—the work function (see 
p. 116), m—the mass of the electron, and v—its velocity. Equa- 
tion (5,14) ‘is called Einstein's equation. 

3. For every substance there exists a frequency below which 
the photoelectric effect is not observed. This critical frequency 


is called the photoelectric threshold (Ver). It is determined from 
the relation 


live, =Q. (5,15) 


» however, (іп contra- 
flect) do not escape 


barrier-layer cells 


; ectric phenomena. 
The photoelectric cell is based on the external photoelectric 


effect. If consists of a sealed glass bulb containing a light-sen- 
sitive cathode and an anode. The cathode is a thin film deposited 


8000 7500 70724 


7 


0 


Fig. 77. Line spt 
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on the inner surface of the bulb; the anode is a ring (or disc) 
placed in the centre of the bulb. The two electrodes are connected 
through an external battery. 

When the cathode is illuminated a galvanometer in the cir- 
cuit registers a photoelectric current: 


ig =VO+%0, 

Where Ф is the flux of radiant energy, y—the integral sensiti- 
vity of the photoelectric cell, ip—the dark current, i. e., the 
current in the photoelectric cell in complete darkness. 

Photoelectric cells which are based on the internal photo- 
electric effect are called photoconductive cells.The sensitivity of 
photoconductive cells is characterised by the specific sensitivity 
(K). This quantity is equal to the ratio of the integral sensitivity 
to the applied potential difference ез 

ір 


кеш 


Photoconductive cells are also characterised by the magnitude 


of the ratio ie ‚ where Rg is the resistance in the dark and 


Re is the resistance upon illumination. 


6. Thermal Radiation 


Heated bodies emit invisible waves (so-called ultraviolet and 
infrared газ5) in addition to visible light. The radiation of heated 
bodies is called thermal (or heal) radiation. — 

A body which completely absorbs all the radiation incident 
on it is called a black body (or perfect absorber). А hollow box 
with a small hole in it is a black body. d 

The rate at which a body radiates energy of agiven wavelength 
from unit surface of the body is called the emissive power or 


emissivity at the given temperature (Е,). 1 
{ radiation of a given wavelength 


The fraction of the incident rac a 
A which is absorbed by a body is called the absorptive power 
or absorptivity (A,). The emissivity at a given temperature is 
proportional to the absorptivity at the same temperature (Kirch- 
hoff's law): 
E, 
ac (5,16) 


170 CH. V. OPTICS 


where в, at a given temperature is a constant for all bodies. 
For a black body A; —1 and, hence Е,=Е, for all wavelengths. 
The rate of radiation of energy of all wavelengths from а 
black body (&) is proportional to the fourth power of the absolute 
temperature (Stefan-Boltzmann’s law): . 


e=oT!, (5,17) 
where the coefficient of proportionality o=5.67% 10712 watt/ 
ст? degree 4, 

7. Types of Spectra 


The dependence of the intensity of radiation of a body on the 
wavelength (or frequency) is called the spectrum of radiation. 
This dependence is usually depicted in graph form. For example, 


ea 


4000°K 


3500°К 


1500°К 


Radiation energy, агд//ғату units 
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8000 A 
124 
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Zpfrared 
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Fig. 76. Energy distribution in spectrum of incandescent carbon at 
different temperatures. 
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Fig. 76 gives the spectrum of thermal radiation of carbon for 
different temperatures. This spectrum closely resembles that 
of a black body. 

It is evident from the figure that at any given temperature 
there is acertain wavelength (max) for which the energy of ra- 
diation is a maximum. For a black body the wavelength cor- 
responding to the maximum energy of radiation is inversely 
proportional to the absolute temperature T (Wien's law of dis- 
placement): 

Amas T = C (5,18) 
where С is a constant, equal to 0.2898 cm degree" !. 

The coloured band obtained when light is broken up by a 
prism (or other device) is sometimes called a spectrum (in the 
narrow sense of the word). 

Heated solids emit a continuous spectrum in which all the 
spectral colours are present, one colour merging gradually into 


the next. de cer vs 

In line spectra the intensity of radiation is high only within 
very narrow regions contiguous to definite wavelengths, while 
at other wavelengths it is practically zero. ; 

Line spectra are emitted by gases of low density. If such a 
spectrum is dispersed by a prism (or other instrument) narrow 
lines of different colours are obtained (Fig. 77). The number of 
these lines and their wavelengths are characteristic for each ele- 
ment. An analysis of the lines in the spectrum thus allows us 
to identify the elements which are present. inthegiven substance. 

The spectra of heated gases and solids are called emission 


spectra. т 
1f the radiation emitted by a heated solid is passed through 
a vapour, then in the continuous spectrum of the body dark 
lines appear, at wavelengths corresponding to the lines of the 


emission spectrum of the given vapour. Such a spectrum is 


bsorption spectrum. 
M hp P ation of the same wavelength as they them- 
selves emit (law_of Kirchhoff and Bunsen). 

The so-called Fraunhofer lines in the solar spectrum (see Fig. 
78) are absorption lines due to the absorption of definite wave- 
lengths of the continuous solar spectrum by vapours present 


in the atmosphere. 
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TABLES AND GRAPHS 
Table 98 


Relative Brightness Sensitivity (K,) for Daytime Vision 


(see Fig. 79) 


Wave | Wave- Wave- 
length, K, | length, K length, K 
3 D % à % a 
À NE À 
1 
| 
4,000 0.0004 | ‚200 0.710 0.175 
4,200 0.0040 | 5,400 0.954 0.061 
4,400 0.023 5,600 0.995 0.017 
4,600 0.060 5.800 0.870 0.0041 
4,800 0.139 6,000 0.631 0.00105 
5,000 0.323 6.200 0.381 0.00025 
0.00006 


Note. The values of {һе relative bri htness sensitivity are different 
for different people. They ‘do not ane however, ioo widely for 
people with normal vision. The table gives average values of Ky 


2 
3000 


Fig. 79. Curve of relative brightness sensitivity 
for daytime vision. 
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Table 99 
Luminance of Illuminated Surfaces 
Illuminated suríace Lunes 
Cinema screen . « - - «,* -,* - с зе ілге 30:50 lux) 5-2 
Sheet of white paper (under illuminance 30-50 lux) 10-15 
Snow in direct sunlight se s. se e asinna i777 3x10* 
puero PU TER LE E E 2.5x10* 


niic eee 


Table 100 


Luminance of Various Light Sources 


Luminance, 


Source candelas/m? 


Sun. 

Capillary of super! 

Carbon arc crater. - - - fescent lamp 

Metal filament of incandescent lamp 

Kerosene tamp flame . +.. > 

Stearine candle 

Moonless night sky .- 

Spark discharge in xenon -+++ 
5 F . argon. we 
М M . air (nitrogen) 

"helium -......... 


Я 
х 
-3 
mannan 
XXXX 


E, 
nan 
XXXX XX 
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Table 101 


Iluminance in Some Typical (ases 


un | luminance, 
Illumination 


lux 
Sun's rays at noon (middle latitudes) € 100,000 
During lim shooting in studio . . . . | T 10,000 
Open area on a cloudy day А 1,000 
Light room (near window) .. 100 
Work table for delicate operations | 100-200 
Illumination necessary for reading . 30-50 
Cinema screen... l coding 20-80 
Illumination from full moon... 0.2 
Illumination from moonless night sky 0.0003 


Ue do o 


Table 102 


Reflection Coefflcient (P) of Glass and Water for Different 
Angles of Incidence (in %) 


Angle of inci- 
dence, 
degrees 


9 | 20130) 40! 50} 60] 70 80 | 89 | 90 


Substance 


Glass, , 
Water 


513.46.013. 5/34. 5190. 0/100 
36.69.518 `|39` јоу’ |100 


Note. For glass covered with a film of silica of index of refrac- 
tion 1.5, 0==2.5 at normal incidence, For glass with a film of silica 


of index of refraction 1.9, Q=0.8 at normal incidence, 
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Table 103 
Reflection of Light Passing from Glass into Air 
Angle of incidence o° | 10% |209|30*|35?|39*| 39°30") 40°) 60° 
Angle of refraction o° | 15°40"|32°|51°63°| 79°) 829 | 90°) — 
Fraction of reflected М - 
energy in % 4.7] 4.7 |5.0|6.8| 12 36 47 100| 100 
Table 104 


Wavelengths of Visible Region of Spectrum 


“aon Boundaries calor вш e 
Violet... 3,800-4,500 Yellowish-green . 5,500-5,750 
Dice ilte D1li[|4.500-4,800 Yellow ...... 5,750-5,850 
Light blue 2... 4,800-5,100| Orange -..... 5,850-6,200 
бгеп....... 5,100-5,500 Red... eee 6,200-7,600 


Table 105 
Wavelengths of Ultraviolet Region of Spectrum 
Boundaries, Effect of Radia- 
Name of range A tion 
L vavelength ultraviolet . .| 3,150-3,800 | Suntan 
Толе зате етеін wWitravicle | 21800-3. 150 Erythemogenie 
vavelength ultraviolet . - . -2, actericida 
Short лыы ae 52,000 |Ozonising 


Vacuum ultraviolet. <- +-+- 
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Table 106 
Reflection of Light by Metals 


The figures in the table indicate the fraction of perpendicularly 
incident light reflected irom the surface (in %) 


= os 
5 : Б = 
қа ош : © - 5 
$i EBP JEE] È| s] F 2/28 
Be В: |Ч4Е|6|2Е|% & 15 
Ultraviolet 1.880 | 25 | 23 | — | 22 | 35 = | 17] 64 
2,000 | 31 | 31 | — [28 | 44| — | 321 73 
2.510 53 | 26 | — | 33 38 — | 39 | 75 
3,050 64 29 - 47 - - 48 73 
3.570 | 70 | 32 | — |67| 49 | Z 51 | 60 


Visible 5,000 


Tx p e dese dL Mi do dos 


Infrared 8,000 = | 89 | 62 95 | 70 Sa | o == 
10,000 | 74 | 90 | 65 96 | 72 | 57 | 69 | — 

50,000 98 | 92 | 97 | 94 81|97|- 

100,000 | 97) 2| |“ - С К 


Table 107 
Critical Angles of Reflection 


Substance Substance fer 


Water 19 [Carbon disulfide.. |, 38 
Glycerine ++] 43 [Glass (heavy ИН > 22) HM 
Glass (light crown) . . | 45 ШИШИ Y тары. AES 24 


Note. The values of i, (in degrees) given in the table are for an 
interface with air (for the D line of sodium). 


c eee __'. 
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Table 108 


Wavelengths of Principal Fraunhofer Lines 


Line 


Element 


Wave- , 
length, A 


LI 


ORY BOI у, oca PS i oi eee = EET T 
Salin г; ақа cons ЕЕ SS d ee 


Magnesium 


Поп. . +. 
Hydrogen. + + 


топ... 


Calcium 
УЕ ЕП ү а Fade rra PIERS и 
Calcium 
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Table 109 


Index of Reíraction for Wavelengths Corresponding to Some 
of the Fraunhofer Lines 


Fraunhofer line A B D F | H 
Wavelength, À 7,590 | 6,870 | 5,890 | 4,860| 3,970 
8 
= |Carbon disulfide . . . | 1.610 | 1.617 1.702 
= |Ethybaleohol . .: : [1:359 [1.360 1.374 
8 | Glass (light crown) . | | 1.510 1.512 1.531 
A [Weine seres 1.329 | 1:331 1.344 
Table 110 
Optical Constants of Metals and Semiconductors 
Substance n k Substance n k 
| 
Aluminium . 1.28 |3.66| Mercury .. 1.62 | 9.71 
Antimony $.4 1.63| Nickel” 2”, 1.79 | 1.86 
Bismuth 1.78 11.57] Platinum | 2.07 | 2.12 
Cesium . . 0.321 | 3.70 || Potassium 0.068 [21.1 
Chromium . .„. . 3.59 |1296 Selenium . 2.85 0.221 
Cobalt (6,000 А) |2.21 |1183 | Silicon 4.24 | 0.114 
Copper ase. .[0.62. |471 Silver . . ..[0.18 |20.6 
Gold duy S UNDE A 0,42 8:85 Tin. Бла | 1270 4.03 
рони > -36 || Tungsten (5,780 А) | 2.76 | 0.9 
Наа Quid. 2.01 |1.73|Zinc . ДЕ М 2:19 2.60 


Notes. 1. The values of the optical constants given in the table 
refer {о the wavelength A=5,890 A, unless otherwise indicated. 

2. The constants n and & are sometimes called the index of refrac- 
tion and the index of absorption, respectively.- 
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Table 111 
Index of Reíraction of Gases 
Index of I 3 

Gas or vapour refraction Gas or vapour ander ар 
Acetylene. . . . . 1.000606 | Mercury . . 1.000933 
АШ у=» йй е» 1.000292 || Methane ... . 1.000441 
Ammonia...-..-.|1-000377| Nitrogen s $ 1.000297 
Benzene ....... 1.001812 | Oxygen . . . - 1.000272 
Carbon dioxide... . 1.000450 | Selenium . . . 1.001565 
Carbon tetrachloride . | 1.001763 Sulfur trioxide 1.000737 
Chloroform . . . . . . | 1-001455 Tellurium ‚| 1.002498 
Helium... 1.000035 || Water vapour .| 1.000257 
.| 1.002050 


Hydrogen. o ся > [1.000138 шо фк» =» 
Hydrogen disulfide . . | 1.000641 


indices of refraction given in the table 


are for a wavelength corresponding to the yellow line of sodium (D), 
and are corrected for а density at 0^C and 760 mm Hg pressure by 


=const (for the given gas). 


Note. Тһе values of. the 


means of the formula z ° 
‘l A ир 
Table 112 


Index of Refraction of Some Solids and Liquids 
(at 15°C for the D-line of Sodium Relative to Air) 


Index of ы Index of 
Substance refraction suisse refraction 
Solids 
2.417 ||Ethyl ether .....| 1.354 
1.31 Сіугегіпе.......| 1.47 
1.56-1.60 | Methyl alcohol... .| 1.33 
1.56 Sulfuric acid . . . . . 1.43 
1.63 Turpentine... .-- 1.47 
Water (20°C)... . . 1.333 
"а Oils 
TO PERTE EE, 1.5 
po ae oe 11] 11504 ||Cedar nut ...... 
Canada balsam . . . - 1.53 Cinnamon ...... 
Carbon disulfide 1.632 Сїоюуе......... 
Chloroform... ++ - 1.449 Онуе......... 
Ethyl alcohol ....| 1.362 | Parafin ....... 
| 
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Table 114 
Diffuse Reflection of Some Materials in White Light (in %) 


Material Reflection Material Reflection 
Cardboard, white 60-70 Paper, blotting. . . . 70-80 
т yellow . . 30 Paper, тоуп..... 13 
Cheesecloth . . . . « + 16 * "chocolate colour 4 
Fatty clay (yellow) |. 24 * light blue... 25 
Materials coated with * ordinary white| 60-70 
white paint. . - 50 * уеПоу..... 25 
Materials coated with Tracing [рег ар 22 
yellow paint... 40 Velvet, black .... 0.4 
Moist earth... « . 8 Wood (pine) ..... 40 
Oll-paper (1 layer) . - 22 
ы. (2 layers) . 35 
Table 115 


the Plane of Polarisation for Different 


Specific Rotation of 
avelengths at 20° с 


= 
Е 
'ee| 


g "EIETE) 

Substance sE | of & „5E |558 
ЗЕ | ase] „$= | Ses] Ses 

sz | ЖАН B.s | 338 |256 

SE ЕСЕЙ S22 | e$. | 35$ 

i zg | БЕР, 222 | 22 сев 
Wavelength, A 55 228 525 8555 |8585 
6,563 17.3 | 29.5 | 7126 52.9 | 6.75 
5,893 21.7 |-37 |—162 66.5 | 8.86 
5.351 26:5 |—45 |-207.5 | 81.8 | 9.65 
1:861 3227 |—54.5|—253.5 |100.3 | 9.37 


n oi the plane of polarisation is characterised 


Notes. The sotatio И 
by the specific rotation [alı For solids fel= 75 , Where a is the angle 


of rotation of the plane of polarisation, pa path length of tbe 
ray in the solid, о — the density. For liquids and solutions [eio s 


where a is the angle of rotation of the plane of polarisation, / — the 
ath length of the ray in the liquid or solution, c— the concentration 
Б; weight, equal to (һе number of grams of solute per 100 g of so- 
lution. For pure liquids cz. | 

2. The negative sign indicates that the rotation is clockwise ii one 
looks at the liquid from the side of the source, 
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Table 116 
Emission Spectra of Some Metals (in À) 


Copper Mercury " " Zinc 
Alumini- { Sodium | Cadmium i 
um (are) | шту | Clamp]! | inflame) | ^ar) | (ate in, 
3,083 3,248 3,126 5, 889.970/3 261 3,036 
3.093 3,274 3,131 5,895.930|3,404 3,072 
3.944 v |4,093 s |3,650 3.466 3,345 
8,9622 |4,063 v 1.046.8v 3,611 4,6800 


4,6635 |5,105.5 g| 4,078.10 3,9822  |4,7225 


5,0578 |5.153.3g| 4, 358 3v 4,4135 |4,8115 


5,696 y 5,218.2 g| 4 916 4bg| 4.678 b 4,9125 


5,723; |5,700 4 959.72 4,799.96 |4,925 gb 


5.782 1 y/5.160.72 5,085.82 [6,1030 


5,782.2 |5.769.6y 5.3388 |6,362 0 


5,790.7y 5.379g 
өзір де 6,438.57 
6,232.00 
Notes. 1. The wavelengths are i °С and 
“Б mm HE pressure measured in air at 15°С 
2. The colours of the visible |j ter 
SE tle ЕШ арна E Ша nes are denoted by the first let 


3. The brightest lines are underlined. 
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Table 117 


ency, Efficiency and Luminance of Some 
Light Sources 


Luminous Eff 


elo. 8 
ggs > 2 
т í 255 H z Luminance, 
ype of Lamp EIE 2 candelas/m* 
ЕЗ2 | 2 Е 
BEE | Sx | ё 
252 | ше [23 
50-watt, carbon fila- 
ment, vacuum 2... 2.5 | 0.4 | 2,095 5x10* 
50-watt, tungsten fil- 
ament, vacuum j|. 10 1.6 |2.460 15x 105-20x 10* 
50-watt, gas-filled, 
tungsten filament . 10 1.6 |2,685 5x10" 
500-watt, | gas-filled, 
tungsten filament. . 17.5 2.8 |2,900 10: 
2,000-watt, gas-filled, 3 
tungsten filament . 21.2 | 3.5 |3,020 13x 10°—15x 10* 
Voltaic are . yes | 95 4 4,000 15х10? 
(сга{ег) 
Luminescent lamp . .| 40 6.4 = 1.5x 108 


Note. The luminous efficiency 15 the ratio of the total radiant flux 
to the power of the current in the light source. The efficiency of a 
light source is the ratio of the luminous flux to the current in the 
source. 


Table 118, 


Electron Work Function and Photoelectric Threshold 
of Various Substances 


Work Photoelectric 
Substance function, ev threshold, Ж 
Water n tt* .| 6.13-6.09 2,025-2,040 
Cuprous oxide . · - . 5.15 2,500 
MIR. ааа AA . 4.8 2,548 
Sodium chloride г Рм 4.2 5:950 
Silver bromide . . + Se ull) « 8ШСЫЛА 3,350-2,400 
Thorium on tungsten Bei 2 2.62 4,730 
Sodium on tungsten - DELE 2.10 5,900 
Cesium on tungsten ITE MO 1.36 9,090 
Cesium on platinum . +» - 1.81 8,950 
Barium on tungsten , 2 - y tung. dul 111300 
Barium oxide on oxidised tung- 
Sten А LE Ет LAG. 1.0-1.1 12.400-11,300 
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Table 119 


Typical Characteristics of Photoelectric Cells 


T i Integral Dark tini 
Vell” | Cathode | Filling | sensitivity, | силы, DU 
u amp/lumen| u amp 

UB-1 Oxygen- | Vacuum 20 0.1 240 

HB.3 -cesium 

ЦВ-4 

цг-! ditto Inert 75 0.1 240 

gases 

СЦВ-3 Antimony-| Vacuum 80 0.01 240 
-cesium 

СЦВ-51 

СЦВ-4 ditto = 80 0.1 240 

ЦГ-3 Oxygen- Inert 100 0.1 240 
-cesium 

ЦГ-4 gases 
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CHAPTER VI Р 
STRUCTURE ОЕ THE АТОМ AND ELEMENTARY 
PARTICLES 


FUNDAMENTAL CONCEPTS AND LAWS 


1. Units of Charge, Mass and Energy in Atomic Physics 


The unit of charge is the elementary charge: 
eo = 1.60x 107” coul. 
. The unit of mass is equal to 1/16 of the mass of the oxygen 
isotope (see p. 189) with an atomic weight of 15: 
1 alomic unit of mass 1.66x 107% 6. 
The mass of the lightest atom—the hydrogen atom—is equal 


to 1,008 in this scale. 
The unit of energy is 
energy acquired by апе 
difference of 1 volt. 
es 1.6: 10709 joule=1.6x1 


the electron-voit (еу it is equal to the 
Jectron in falling through a potential 


le 071° erg. 


2. The Rutherford-Bohr Model of the Atom 

The centre of the atom consists of а positively charged nucleus 
around which electrons ге rolve in definite orbits. The mass of the 
atom is concentrated prim ve ia the nucleus. The nucleus of 
the hydrogen atom is called а proton. The mass of the proton 
equals 1.66 1079. 8; that of the electron—9.11% 10728 g 
(1/1,836th part of the proton mass). The charge of the electron 
is equal to the elementary charge- 

The charge of the nucleus is equal to the number of the ele- 
ment in the Mendeleyev periodic system. The number of electrons 
in a neutral atom is equal to the charge of the nucleus. 


7* 
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i i ; imately 

The motion oí the electrons in the atom may be approxima 
described as motion in circular or elliptical orbits ш 
nucleus (Fig. 80). These orbits are called stationary orbits. 


NR. = 


Fig. 80. Possible electronic orbits in hydrogen atom 
(the radii of the orbits are in the ratio of the squares 
of the integers 1:22;32;42 etc.). 


When an electron revolves about the nucleus in a stationary or- 
bit it does not radiate. The radii of the stationary orbits are 
determined from the condition 


mor «а (6,1) 


Where m is the mass of the electron, o—its linear velocity, 7,— 
the radius of the orbit, ^—Planck's constant, n—1, 2, 3, or 

Every stationary electron orbit (in other words, every station- 
шу state of the atom) corresponds to a definite value of the 
energy (energy level). 
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and the radii of the circular orbits 


The energy levels (1/,) 
e computed by the formulas: 


of the hydrogen atom can b 


Эл?те* 
= — тұра? (6,2) 
n?h? (6.3) 


Га даёте? ` 
absorbs energy in the form of electromag- 
lectron jumps from one stationary orbit 
to another. The magnitude of the emitted or absorbed quantum 
(portion) of energy hv is given by the condition 
һу= 1—11 (6,4) 
y levels of the electron in the 


An atom radiates or 
netic waves when an e 


where W, and W, are the energ [ 
atom before and after the change of orbits. — . 5 

According to contemporary views, the stationary orbits do 
not actually represent the trajectories of electrons in the atom. 
Modern physics has а somewhat different approach to the prob- 
lem of the structure of the atom. However, the concept of atomic 


energy levels remains valid. 


3. The Atomic Nucleus and the Electron Shells 

The nucleus of an atom of any element is made up of protons 
and neutrons. The neutron is an electrically neutral particle 
whose mass is approximately equal to the mass of the proton. 
Nuclei of the same element may contain different numbers of 
neutrons, and hence may һауе different masses. Elements which 
differ only in the number of neutrons in the nucleus are called 
isotopes. The mass number (M) of an isotope is the whole number 
which is nearest to the atomic mass of the isotope. The number 
of neutrons in the nucleus 15 

N2M—Z 


where Z is (he nuclear charge: i 
The ани А the neutron üre collectively called nucleons 
(nuclear particles); inside the nucleus these parl cles are mutually 
transformed one into the other, The density of the nuclear mat- 
ler is extremely high (about 10 
заи by the symbol of the c vrespondig опита al element 
/ їс as a subs 
1 the atomic number e, AI?! or үзі?! d the г aluminium 


a superscript (for example, 
itt? atomic T ber 13!3 and mass number 27). 
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Electrons in complex atoms are grouped in shells. А shell 
includes a certain number oi electronic orbits. At most two 
electrons can move in the same orbit. 

The shell of least radius can contain at most two electrons 
(one orbit). This shell is called the K-shell. The next shell (L- 


\ 


\ 
М i 


Fig. 81. Diagram oí electron shells of 

Ше atom, 
shell) can contain ир to eight electrons, the following shell 
(M-shell) —up to eighteen electrons, Tha third shell is subdivided 
into two subshells Mı and M i 


ә Which can contain up to eight 
and ten electrons, Tespectively (Fig. 81). 


4. Nuclear Transtormations 

When a nucleus is formed by bringing logether a certain num- 

ber of protons and neutrons the mass of the resulting nucleus 

is less than the sum of the masses of the component protons 
and neutrons. This difference j 


5 called the mass deficit of the 
nucleus, 


he energy released when neutrons and protons combine to 
lorm a nucleus is called the binding energy of, the nucleus (Е). 
ina сора опа опе, usually, deals, with Пе шерік 7M. 
ШО 3 [ox poa: шшш i UT Pn {ч i 
s, savy uere Vat atta. noo E 
"sürite сту ў кас 


зен зди. 
in. radi 
Mee M Dire быс 
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of «-particles, electrons and high-energy photons (y-rays—see 
5 a a spectrum): This property is called radio- 
activity. 

The law of radioactive decay is 


t 
N=N,2 T (6,5) 


where M, is the original number of nuclei present at time /—0, 
N—the number of nuclei left at time ¢, T—the half life, equal 
at the end of which half of the atoms of 
1 will have disintegrated. 


lo tlie period of time 
the radioactive materia 


@ 


olyerystalline gold 


Fig. 82. Diffraction of › 
2 вз рмен ане by a polycrystalline gold film. 


a) X-rays by a 


Nuclear transformations may be induced artificially by bom- 
barding elements with protons, neutrons, helium nuclei and 
y-rays. Such transformations аге called nuclear reactions. 

Nuclear reactions may gr to the formation of new кы 
active isolo JES, which o nel occur na Bre ly on the earth, This 
reel ы called artificial radioactivity. — 
Nuclear transformations are utilised to release nuclear energy 

the fission (splitting) of heavy nuclei (for example, U2) 
Bi Бу this куыгына, (fusion) of light nuclei (for example, hydro- 
HEL DENEN: FRE ЕН вде ОШ of degrees ve 
el. MU. de MP ы ordo OF [н or асыл. ©! 
resciions aig, pallea iheriionuciear 
Ен ss Р ШИШ гесе. 


by 
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5. Wave Properties of Matter 


ing particle possesses wave properties. For exam- 

pepe electron passes through a metal film we obtain а 

МгасНоп pattern similar to the diffraction patterns of X-rays 
- ig. 82). | 

in pb of a particle is determined by the relation 


A 8, қ (6,6) 
то 


where m is the mass of the particle, v—its velocity, and һ- 
Planck's constant. 


TABLES AND GRAPHS 
Energy Levels oí the Hydrogen Atom 


The energy levels are calculated by means of formula (6,2) by sub- 
stituting fone the successive integers 1, 2, 3, 4, etc. Utilising the 
energy level diagram it is easy to calculate ‘the frequencies of the 
spectral lines of the hydrogen 
atom by means of formula йе 
(6,4). 

When electrons jump to 
the level n=1 the atom emits 
4 series of lines called the 
Lyman series; the lines of this 
series lie in the ultraviolet 
region of the spectrum. Upon 

the level n=2 
the lines of the Balmer series 
are emitted (four lines oj 
this series lie in the visible 
part of the spectrum, the re- 
mainder—in the ultraviolet). 
Upon transition to the level 
n=3 the lines of the Paschen 
series are emitted (infrared 
region) 

The numbers пеаг the 
skort arrows in each series 
indicate the longest wave- 
length (ig A) in the given 
series (1 А-10-“ cm). 


I—— — HR 


Fig. 83. Energy level dia- 
gram of hydrogen atom. 
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Table 122 


Relative Abundance and Activity of Isotopes of 
Some Metals 


Relative 
Ele. | Number Number abun- Type о! 
ment eet ons "o senes Hei Mis EXON 
Fe 26 26 - 7.8 hr B+ 
27 = 8.9 min Bt 
28 6.04 stable 
29 - 4 years 
30 91.57 stable 
31 2.11 ч 
32 0.28 2 
33 - 47 дауз 
Со 27 98 E 18.1 hr v» BO 
29 = 8 days v Bt 
30 — 270” v В+ 
31 ES 7242 v В+ 
32 100 stable у. B+ 
33 - 5.3 years 
34 - 1.78 hr v BT 
Cu 29 29 E 7.9 min Ва 
31 — 8.1 ес B+ 
32 = 3.4 hr B+ 
33 3 9.92 min B+ 
34 69.48 stable B+ 
35 — 12.8 hr 
36 30.52 stable Св 
37 - 5 шіп b> 


Vote, See note to Table 124. 
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D. 1. MENDELEYEV'S PERIODIC 


? т | 
5| e ELEMEN 


1 H 
1.00797 1 =| 
E 5 6 
"TES Be to B C, 7 N 
L 6,939 2|90122 — t5 10811 12,01115 14,008 


А 1 А 
H H H 
11 12 13 14 15 
з|ш|Ма “Ма? а) ‹ 515 s 
2 2 2 


18 3|. 30 
w |K Мса 4 


Bi 


208,980 


Note. The table is drawn up in the usual manner : each box con- 
it— the atomic weight (the аУегаде value of the atomic weights of the 
of electrons in the shells in {һе order К, L, M, N, O, P, 
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TABLE OF ELEMENTS 


G RO 


UPS 


VI 


ҮП 


ҮШ 


101,07 3|02,905 


tains the symbol 
most widespread 


Ls 
NIDES 58-7! 
1 
Cs xu лера ELE WEG wot 
Tb “іру Но Ег Ти Үр number 
1 
158,924 8162,50 161,930 4167,26 206844 173,0: 2 
NIDES 
[972 98 4-99 {| 102 юз 3) ise 
m jer es іш ilw [C 
1 
2 alr 4) т] '% 
[47] [г] [254] ре) ел Linie 


of an element; above it— the atomic number, below 
isotopes) The columns of figures give tlié number 
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Table 124 


Atomic Weight, Relative Abundance and Activity of Some 
Light Isotopes 
= - 
єз s E Type 
Ele- | 25 |82,| Atomic | Hal life о 
ment | ЕЁ |ЕЕБ weight |8 activity 
26 |255 = 
н 1 0 1.0081 |99.98 stable 
D 1 1 2.0147 | 0:02 
T 1 = 3.0170 [10-18 | 12.26 years b= 
He 2 1 3.0170 |1.3-4 stable 
2 4.0039 | ~100 T 
3 5.0137 | — |6х10-205ес| а, п 
4 6.0209 | — 0.8 sec Bo 
© 6 4 10.0204 - 8.8 sec Bt.v 
5 | 11.0150 | — 21 min B+ 
6 | 12.0039 | 98.9 stable 
7 | 13.0076 1.1 s 
8 14.0077 - 5568 years Вт 
о 8 7 15.0078 | — 125 вес В 
8 | 16.0000 |99.76 stable 
9 | 17.0045 | 0:04 Б 
10 18.0048 | 0.20 8 ge 
= - 29.4 sec 
Al 13 13 |25.9944 | — 7 sec Bt 
14 | 26.9907 | 100 stable 
15 | 27.9908 | — 2.3 min E 
16 | 28.9892 | — 6.6 " + 
Note. B~ —electron, В+ — positron, Y— gamma-rays, œ— helium 
nucleus, n— neutron. 
Table 125 
Some Artificially Produced Elements 
Atomie Name of element Mass numbers Half life 
61 |Promethium (Pm) | 145 146, 147, 148, 149, 150, 30 years 
85 |Astatine (At) 151, 206, 208, 209, 210, 211 8.3 hr 
87 |Francium (Fr) 221, 222, 223 21 min, 
93 |Neptunium (Np) 232, 233, 234, 235, 236, 2.95Х10 
237, 238, 239 years 
94 |Plutonium (Pu)  |232,/234.'936, 237, 239, 540, [sx io* years 
241, 242, 243 
95 |Americium (Am) |238, 239, 240, 241, 242, 243, 244 | 10* years 
96 |Curium (Cm) 238, 240, 241, 242, 243, 244, 245 | 500 years 
97 |Berkelium (Bk) 243, 245, 246, 947 5 days 
98 |Californium (Cf) | 2447 246, '248 2, 100 years 
99 !EinsteInium (En) | 253 12 days 
100 |Fermium (Fm) |255 4.5 days 
101 | Mendelevium (Mv)| 256 30 min 
102 | Nobelium (No) 263 га 


Note. The mass number of the isotope with the greatest half life 


is given in boldface type. 
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Table 126 
Elementary and Non-Elementary Particles 


Particles which, according to present-day notions, are not 
composed oi more fundamental particles are called elementary. 


Mass 
Ё 
2 В _ | Average 
Name ca Ee $28 |255 | lifetime, 
Lan z2 Eg sec 
55% eS) | Seis 
EEE psk |588 
Elementary 
particles 
Photon ...... yhv 0 0 0 stable 
Neutrino ..... EA 0 «0.001 0 : 
Antineutrino . . -| У 0 «0.001 0 d 
Electron... + + е-, В+|5.49х10—з| 1 -1 2 
Positron ..... e+ p*[5.49x10—?| 1 +1 stable 
L-mesons . . +++ nt 0.1155 210 +1 |0:22Х10-4 
n- | 0.1155 210 27; 12:22108 
a+ | 0.151 275 %І |2.53х10-* 
m- | 0.181 275 -] [2.53x10-* 
ne 0.165 300 0 | 1x107- 
-5Х10- 
K-mesons....+| K* 966 +1 |127Х10-4 
K- m 966 =i |(197Х10-" 
Nucleons: Ki. Ко - 965 о |13х10-% 
proton ..... p, H1] 1.00760 | 1,836 +1 stable 
neutron 22... n, nl | 1.00899 | 1,839 0 4x 10! 
Antiproton . .. | Р - 1,836 -1 | stable in 
ee. 1 839 0 vacuum 
Antineutron n = , Ж 
Нурегопв..... A? - 2,181.5 0 |3.7x! 
RS $e = a s27 +1 [34x 
z- - 2,827 -1 |3.4Х10-8 
Non-elementary 
particles 
Deuteron ..../@ Hi 2.014 = +1 stable 
3 E 5.6x10* 
ION: 25522 1, Hy | 3-016 +1 тес 
Alpha-particle . . | d, Нез) 4.003 = *2 | stable 


Notes. 1. Mesons and hyperons are produced in the collisions of 
high-energy particles (for example, protons and a particles in the 
cosmic radiation). These particles disintegrate rapidly to form new 
particles (electrons, positrons, photons, nucleons, etc.) 

nd antineutrino were discovered recently by 


2. The antiproton а a 
means of a high-energy particle accelerator. 


aad 
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Table 127 
Energies of Some Particles 


Particle Energy, Mev 
Maximum energy of B— (Th C— Th с” Pm 
a "Bo (Th С”->РЬ) 1 
Energy of c-particle (Th C> Pb) ... 8 
B. * a-particle (Th C'— Th c}: 6 
* photon of »-radiation x .20 
Ы " cosmic ray mesons (secondary radiat 1022707 | 
Particles produced іп accelerators 
Protons... 600-700 
Neutrons ... roe: аа, 500-650 
Т СЭСО dioe к» eoe Sod men oa T Sosi 150-360 
a~ -mesons .,, 300-400 
H+-mesons . 90 
u—-mesons ..... 25 
Photon of y-radiatio 10-600 
DO I ovradiatio, up to 300 
к Y-radiation (in de 500-600 


Notes. 1. The nuclear reactions in which particles of the given 
епегду are produced are given in parentheses, 

?. The indicated energies of particles produced in accelerators 
Were obtained in the USSR in the 6-meter proton synchrotron (as of 
July 1957). More recently protons of energy 10* Mev were produced 
in the high-energy proton synchrotron in Dubna. The maximum par- 


3X10* Mev (proton syn- 


Table 128 
Energy of a Quantum of Radiation of Different Types 
Wavelength Energy, ev Wavelength Energy, ev 
] mm 1.22x 10-3 1,000 A 1.22x10 ! 
300 и 4.1x10-73 100 À 1.22x 10? 
T 1.22 10 A 1.22x10* 
8,000 A 1.52 1А 1.22x10* 
7,000 À 1.75 0.1À 1.22x 108 
6.200 À 1.96 0.01 А 1.22x 10* 
5,000 А 2.44 0.001 À 1.22x 107 
4,000 A 3.06 0.0001 À 1.22% 108 
3,000 A 4.10 
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Binding Energy 


On the abscissa axis (Fig. 84) are plotted the mass numbers, on 
the ordinate axis— the binding energy E/M per nucleon in electron 
volts. Nuclear energy сап be released either by the fission ої heavy 


Mela (7 mev) 


Berillum(&8mev) Granium{25mer) 


Deuterlum (1.09 mev) 


9.2.5.9. anh 


= — -- ЕЕЕ 
EZ 100 150 200 20 M 


Fig. 84. Curve of binding energy. 


nuclei or by the synthesis of light nuclei. In both cases new nuclei 
are produced with a binding energy E/M greater. than that of the 


original nuclei. 


Examples of Nuclear Reactions 


Nuclear reactions are accompanied by the release or absorption of 


en a 
ergy n below the numbers on the left-hand side of 


In the reactions give | 
the equations indicate the energy absorbed, on the right-hand side 
of the equations — the energy released, in Mev. 


мз Het 1.1 =90!7 +H? 
Lig sHt=2,Het +17 3. 
СЕО үчн 

Nn 1 ч 

DAI £C m, CP + Het + on! +28.2, 
po T h222 on! — po Thi? 

soTh??3 -> „,Ра?3+е=—. 
у. Pat? > pUe. 


omen 


Notes. |. The arrows in equation 6 indicate that {һе reac 
tinues spontaneously, к tion con- 
2. The fission of one uranium nucleus leads to {1 Р 
200 Mev of energy. The energy released by 1 gram dt release of about 
22x10? kilowatt-hours. equals 
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Synthesis of Helium from Hydrogen 


The production of helium nuclei by the synthesis (fusion) of hy- 
drogen nuclei is of immense theoretical and practical significance, 
since in this process a large amount оі energy is released. 

The following are some ой the possible reactions. The energy released 
is expressed in Mev. 


1. 1Н2+.Н2 > ,Het+ y+ 23.8. 

2. ,H?+,H! — Het y- 5.4. 
2He?+,H! + ,Не*+е++18.7. 

3. „Нез+ H? — ,Het+,H?+14. 


Reactions of Nuclear Synthesis 


Reactions of nuclear synthesis can take place at high temperatures 
(milions of degrees). The following are some exataples of such reac: 
ons. 


aC Hi oe NP oy 4 1.9 

GNU CU pet 41.2, 

| aC e HT oe NIG 7.5. 

< aN, HI = OU e y 7.3. 
sO! > „Ма tet 41.7, 

бз LH! oe ‚Ст+,Не#+4.9. 


onscm- 


Units of Radloactivity and Radiation 


The unit of radioactivity is the curie. | c 
қ urie corresponds (о the 

ОЙНУ of radiation of radon in a state of radioactive Pyquilibrium 
N | gram of radium. The curie is also а measure of the quantity 
o! d radioaclive substance. A curie is a quantity of any radioactive 
substance which decays at the rate of 3.7 X 10!? atoms per second. 

The roentgen 15 the unit of. X- and y-radiation. 
d тоеп (деп is а quantity of radiation which produces in | cm? of 

y air at 0° C and 760 mm Hg a number of ions carrying a total of 
one electrostatic unit of charge of each kind (2x10? pairs of ions). 


E 


APPENDICES 


1. Some Frequently Encountered Numbers 
3.41593 V x —1.77245 1%--0.017453 radian 
41 = 12.56637 e=2.718282 1’ .000291 , 
2 963669 y 3-141420 ——— Q0Q0048 13 


n2=9.86960 V 3— 1.73205 


11. Formulas for Approximate Calculations 


л 
л 


— 0.081 < x < 0.031 
— 0.085 < x < 0.093 


— 0.052 < x < 0 052 
— 0.077 < x « 0.077 
— 0.045 < x < 0.045 


te the range of values of x for 
putations by the approximate 


.1%. 


The inequalities indica 
which the error of the com 
formulas does not ехсее 


IIL. Elements of the Theory of Errors 


All measurements can be performed only up {о a certain de- 


ree of ргесіѕіо! 


n. 
Precision is determined by the last significant figure ol the 


measurement. Іп order to exclude chance errors which are always 
possible, the measurement should be repeated several times 


and the mean arithmetic value of all the results taken. 
If a quantity А has been measured n times and Ay, A», Аз, 
over An abe the results of the individual measurements, then the 


mean arithmetic value is 


Amean = 
п 
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The deviation AA;=|Amean—A 


il is called the absolute er- 
ror оф a single measurement. The 


quantity 
ЛА АА БАА... FAA, 
© п 


is called the mean absolute error of the measurement. Usually 
it is considered that 


Aman ЛА < A < Amant AA. 


The ratio 


is called the mean relative error and is usu- 
mean 
ally expressed in per cent. 


The result sought by the experimenter is rarely found by meas- 
uring only one quantity. It i 


Mem NM 


Formula Absolute error Relative error 
аана er dies 
A+B AA+AB BAEAN 
A+B 
а-в АА+АВ AA*AB 
[A-B] 
AB ААВ+В мА АВ. 
! АА | DAT TBI 
A |B AA+AAB] AA АВ 
1ВАА+ААВ | _АВ_ 
В B: ГАТТ 
An | n|A8-1|AA Ай 
| ! "TAI 
1-n 
= п 1 АА 
Va 714 taa ^" 141 


: hat the volume has been meas- 
ured with an Accuracy of 1.5%, and the mass with an accuracy 
of 1%. Then the relative error of the determined value oi the 
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density is 2.5%. Hence, we may write: 


m m m 
(Жы 70029 < 7 < (F) mean 17-0029. 


IV. Prefixes to the Basic Units of Measure 


mega (M) ...... 105 milli Cin)... vo: 3 1073 
kilo (К) «n 103 micro (Ш) ж коз» % 1076 
deci (Hy o». ovr 107 папо (n ...... 107% 
кеші es e esa 10758 PEG) «sss 10712 


The figures in the right-hand column indicate the number of 
multiples and sub-mulliples of the basic unit which are formed 
by attaching the prefixes. For example, 1 Me/s=108 c/s; Imm= 


=10-3 m. 


V. Units of Measure of Some Physical Quantities 
Mass 


1 ton —10 centners— 1,000 kilograms. 
1 carat 1074 kilogram. 
1 pood = 16.38050 kilograms. 


Length 

1 micron= 107° m. 1 yard=0.91440 m. 

1 À (Angstrom unit) = 1075ст. 1 mile (English)= 1,609 т. 
1 X=107" cm. ] mile (nautical)= 1,852 m. 
1 1 light year=9.463 x 101 кт. 
1 


inch — 25.40 mm. 
foot = 0.30480 m. 


Time 
1 year = 31,556,925.975 sec. 
1 day—24 hours = 1,440 тіп -- 86,400 sec. 
1 hour— 60 min=3,600 sec. 


Pressure 


1 atmosphere (technical) = 1 kg/cm?— 735.66 mm Hg. 
—1,333 dynes/em?= 133.3 N/m?. 


1 mm Не = 0.001316 аіт = 
] atmosphere (standard) — 760 mm Hg-1.033 kg/cm?— 


= 1.013x 109 dynes/cm? = 1.013x 105 N/m?. 
Temperature 


Number of degrees centigrade (°C) =5/4° К = 5/9 (Е — 32) = 
= (°K — 273). 
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* tes the number of degrees on the Réaumur 
жаш ee number of degrees Fahrenheit, °K —the 
number of degrees Kelvin. 

Thermal Conductivity 


1 kilocal/m hour degree=2.778x10-% cal/cm sec degree = 
= 1.162х10-2 watt/cm degree. 


Work and Energy 
vatt-hour = 3,600 watt-sec. 
а watt-sec= 107 егез = 0.239 с 
kg m (kilogram meter) = 9.81 joules. 
kilocal (kilocalorie) — 1.16 watt-hours. 


ev (electron volt) = 1.6019: 107 12 erg = 1.6019: 10-19 
joule. 


al (calorie). 


Power 
маі = 107 erg/sec. 


kilowatt = 102 kg m/sec = 1.36 hp (horsepower). 


Capacitance 
1 em— 1.11 picofarad — 1.11»: 10-12 farad. 


VI. Universal Physical Constants 
Gravitational constant y + + 6.67X 10-75 р-1 ems sec? 
6.67X 10711 %ң-1 m3 бес”? 
Volume of one grammolecular 
weight of an ideal gas under 
standard conditions V, - - 22.4207 liters 
Universal gas constant Р . 8.31696 joule degree7! mole! 
Faraday's number ЕЁ... | 96.521 coul/g-equiv 
Avogadro's number N | | . 6.02497 x 1023 mole-1 
Boltzmann's constant & | . 1.38041x 10716 erg degree"! 
Mass of hydrogen atom my 1.67339» 10724 g 
Mass of proton m ++. 1,67239x 10724 
Mass of electron те... . 9.1083 10728 
Charge of electron e . | |? 4.80274 x; 10710 CGSE 
| 3 1.60202 < 10-29 CGSM 
Velocity of light in vacuum Со 2.99793 x 1019 em sec-1 
Planck's constant Л. 


+; + 6.62517 x10727 
Rydberg's constant for hy- erg sec 


drogen Rg . Ji dem 109,677.576 сті 
Rydberg's constant for deute- 
Hum dew sx. m SENS 109,707.419 cm! 


Rydberg's constant for he- 
lium Rue өжезеез 109,722.267 сш! 
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sun |021412218 ^£ 


SUBJECT INDEX 


Absorptive power (or absorp- 
tivity) of a body 169 

Acceleration of free fall 
(tabulated data) 37 

— '— uniform rotation, total 


21 
— — uniformly accelerated 


rotation 20 
angular 20 


———— =з centripetal 
21 

= кеу SS ‚ tangential 20 

Allowed current-carrying са- 


pacity of insulated wires 21 
— energy levels 117 
Alloys of high ohmic resistance 


121 
Ampere 109, 135 
Ampere-turns 137 
Amplitude of wave 83 
Angle, aperture 165 
— of incidence 160 
— — reflection 16 
= = р critical 176 
— — refraction 160 
— — total reflection 160 
—, polarising 
Artificially pro 
196 
Atomic u 


16 

duced elements 
nit ой mass 189 
Band, conduction 118 
—, valence | 


Barrier- layer effect 168 


Black body 169 

Breakdown 117 

Breaking stress (or ultimate 
stress) 42 

Bulk elasticity 47 


Calorie 54 

Calorimetry 54 

Candea 158 

Candle, international 159 

Capacitance 100 

Capacitor 100 

—, cylindrical 101 

—, parallel plate 101 

—, spherical 101 

Centimeter (unit of capaci- 
tance) 101 

Centre of gravity 38, 41 

Change in volume upon melt- 
ing 65 

Charge, elementary 98, 197 

—, negative 97 

—, positive 97 

Circuit, oscillating 152 

Coefficient of friction 29, 36 

— — internal friction 46 

light, reflection 160 

— — linear expansion 57,71 

— — pressure change at con- 
stant volume 60, 74 

Ет resistivity, temperature 

1 
— — sound, absorption 96 
— — —waves, reflection 96 
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— — surface tension 59 
— — volume expansion 56, 
60, 70 

Coercive force 142 
Compressibility isothermal 84 
— of matter ga 46 

duction 5 
25. a steady flow of liquid 48 
Conductivity 111 
—, electronic 118 
, hole 118 
, induced 116 
‚ intrinsic 116 
, thermal 58, 73, 74 
onstant of gravitation 99 
, Planck's 167 
—, restoring force 79 
Constants, emission 130 
—, optical 161, 178 
=, universal physical 204 
Convection 58 
Coulomb 97 
Current, alternating 148 
—, direct 109 
—, induced 139 
eet photoelectric cell, dark 


ӨНІМІГІГІ 


—, pulsating direct 148 
~> saturation 116 

Currents, vortical field of 136 
—, eddy 140 

Curve, magnetisation 141 
E brightness sensitivity 


Deficit of nucleus, mass 190 

Deformation 49 

— by tension 
sion) 42 

—, elastic 42 

Density 26 

—, critical 56 

—, current 109 

—, energy 102 


(by compres- 


SUBJECT INDEX 


— of liquid and vapour, equi- 
librium 68, 69 

— — substance 26, 31 

— — various substances 34 

Depth of penetration of high 
frequency currents 152 

Diamagnetics 141 

Diameters of molecules 75 

Dielectric constant 106 

— of medium 97 

Difference, potential 100 

Diffraction 165 

— grating 164 

Diopter 163 

Dipole, electric 103 

—, moment of electric 103 

Dispersion of the index of re- 
fraction 166 

— — light velocity 167 

— — velocity 82 

Domain 143 

Dynamics 24 

— of fluids and gases 47 

— — rotation 27 


Effective value of alternating 
current 149 

Elastic limit 43 

Electric circuit 109 

— field 97 

— —, intensity of 98 

Electrochemical’ cell 115 

— equivalent 115, 125 

Electrolysis 115 

Electrolytes 114 

Electromagnetic waves 156 

Electromagnetism 133 

Electromotive force of elec- 
trochemical cells 126 

=o asuwe 110 

Electron-volt 116, 187 

Electrostatic field 97 

Emission constants 117 

Emissive power (or emissivi- 
ty) of a body 169 
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Energy of elastic deformation, 
potential 44 

— level 189 

— levels of the hydrogen atom 
189, 192 

9 motion (kinetic energy) 

— — nucleous, binding 190 

— — position (potential ener- 
ву) 26 

— — system 25 

Epoch angle 79 

Equation of adiabat 60 

—, Bernoulli's 49 

— Clapeyron-Mendeleyev's 59 

—, Einstein's 168 

— of sine waves 83 

Equilibrium, dynamic 56 

—, neutral 3 

— on an inclined 

—, stable 38 

—, unstable 38 

Equipotential suríace 100 

Error of measurement, abso- 


lute 202 


plane 38 


mean absolute 202 
relative 202 


Fall of bodies, free 19 


Farad 101 

Ferroelectric crystals 107 

Ferroelectrics (seignette-elec- 
trics) 1 


Ferromagnetics 141 

Field, direction of magnetic 
134 

— intensity, 134, 
136 

—, magnetic 133 

—’ of the earth, magnetic 141 

First law, Newton’s 24 

Fluid, ideal 48 

Flux, luminous 158 

— of radiation 1 8 

Focal length of the lens 161 


magnetic 


Force 24 

—, centripetal 28 

—, Lorentz' 135 

—, magnetic 133 

—' of a magnetic field, line of 
134 

— — friction 28 

Formula of thin lens 161 

—, Stokes' 49 

—, Thomson's 153 

Frequency, cyclic 79 

Friction, dry 2 

—, rolling 29 

—, sliding 29 


Gap, forbidden 118 
Gas laws 59 

Gauss 136 

Grating interval 165 


Half life 191 

Heat 54 

— of fusion 55, 64 

— — vaporisation 55, 68 
Heats of combustion of fuels 76 
Henry 139 

Humidity, absolute 62 

—, maximum 63 

—, relative 63, 71 
Hysteresis 142 


Illuminance 159, 174 
Impedance 150 
Impulse 25 


Impulse of body 25 

Index of refraction 179, 180 

absolute 160 

— — —, relative 159-160 

Induction, electromagnetic 139 

—, magnetic 

Inertia 25, 27 

Infrasonic vibrations 82 

Instrument, the least separa- 
tion for resolution of optical 


165 
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—, optical 161 n 
Insulating materials 105 
Intensity, luminous 158 
— of radiation 158 

—, sound 86, 95 E 
Interaction of charges 97 
Interference 163 
Ionisation of gases 116 


— potential 116, 129 
Ions 114 à 
Isotopes 189 195, 196 
Joule 113 


Kilocalorie 54 
Kinematics 17 
Kinetic theory of gases 60 


Law, Biot-Savart's 137 

—, Boyle's 59 

—, Brewster's 167 

—, Charles' 60 

—. Gay-Lussac’s (the equa- 
lion of an isobaric process) 59 

--. Hooke's 42 

—, Kirchhoff’s 169 

—, Lenz' 139 

—, Ohm's 112 

— ar Kirchhoff and Bunsen 


— — universal gravitation 29 

—, Stefan-Boltzmann’s 170 

Laws of the external photo- 
electric effect 168 

—, Faraday's 115 

—, Kirchhoff's 113 

Lever 38 

Light, natural 166 

— purces (tabulated data) 
18 

Line, Fraunhofer 171, 177, 178 

— of force 99 

Loop, hysteresis 142, 148 

Loudness of sound 82 

Lumen 159 

Luminance 159 


— of 

173 
light sources 173 
Lux 159 


illuminated surfaces 


Magnetic equator 143 

— flux 138 

— induction, residual 142 

— materials 141 

— pole 143 

— saturation 142 

— susceptibility 141 

‚ specific 147 

Magnetisation vector 141 

Magnification of magnifying 
glass 161 

— — microscope 162 

— — telescope 162 

Mass number 189 

— of body 25 

Maxwell 139 

Mean free path 63 

Mechanics 17 

Meter 17 

Mobility of electrons 128 

— — ions 114, 128, 129 

Model of atom, Rutherford- 
Bohr 187 

Moduli of elasticity (table) 45 

Modulus of volume elasticity 
(or bulk modulus) 44 

—, shear 43 

—, Young's 42 

Molecular physics 53 

Moment of force (or torque) 27 

— -- inertia 27 

Moments of inertia of homoge- 
neous bodies 35 

Momentum 25 

Motion, accelerated 19 

—, amplitude of harmonic 78 

—, curvilinear 17 

—, decelerated 19 

—, harmonic 78 

—, mechanical 17 
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Motion, non-uniform 17 

— of bodies in the earth's 
gravitational field 21 

= body, rotational 19 

— ideal fluid 48 

= point, circular 19 

— viscous fluid 49 
phase of harmonic 79 
rectilinear 18 

rotational 19 

» uniform 18 

» uniformly accelerated 18 

Ebro or oscillatory 


(КР ete e 10d 


Neutron 190 

Nucleon 190 

Number, Avogadro's 59 
—, Faraday's 115 


Oersted 136 
Ohm 110 
Opties 158 
—, geometrical 160 
Orbit, stationary 1 
Oscillation, period of 78 
Oscillations, angular frequen- 
cy of damped 81 
—, forced 81 
—, damped 81 
—, damping 
damped 81 
—, electric 152 
—, free 81 
—, initial 
damped 81 
—, instantaneous 
amplitude of 
—, mechanical 7 
—, periodic 78 = 
—,phase difference ot 79 
Oxide cathodes 117 


constant of 


amplitude of 


value of the 
dampe 


Paramagnetics 141 
Parameters, critical 69 


Particles, elementary and non- 
elementary 196 

—, energy of elementary and 
non-elementary 197 

Pendulum 80 

—, mathematical 80 

—, physical 80 

—, torsional 80 

Perfect absorber 169 

Period of natural oscillations 


152 
Permeability 146 

, initial 142 
— of medium 134 
Phase of wave 83 


Phot 159 
Photoconductive cell 169, 185 


Photoelectric cell 168, 184, 
186 

— effect 168 

= external 168 

— —, internal 168 

Photometry 158 

Photon | 

Piezoelectric constant 104, 109 

— effect 103 

Pitch of screw 40 

— — sound 

Plane of polarisation 167 

Point, boiling 55, 64 


— mass 

—, melting 54 

—, yield 43 

Poise 49 

Polarisation 103 

— of light 166 

Power 2 

—, optical 163 

Potential absolute normal 


, 12 
-, electrochemical 115 
— gradient 
Precision 201 
Pressure 47 
—, critical 5 
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Pressure, partial 61 

—, radiation 169 ! 
Principle, Archimedes’ 48 
— Pascal’s 47 " 
Properties of ferrites, princi- 


pal 


— — light, quantum  (cor- 
puscular) 168 

— — —, wave 163 

— — materials, magnetic 
144, 145 


— — saturated water vapour 
70 

— — semiconductors 131 

Pulley block 40 

—, fixed 39 

—, movable 39 


Quantum 198 
—, energy of 198 
—, radiation 168 


Radiation, thermal 169 
Radioactivity 191 

—, artificial 191 

Ratio of photoconductive cell 
—, Poisson's 43, 45 
Reactance, capacitive 151 
—, inductive 151 

Reaction, thermonuclear 191 
—, nuclear 191, 199 
Reflection, diffuse 161, 181 
— of light 175 

—, total 160 

ШЕ brightness sensitivity 


Resistance (ohmic) 150 

— of medium 49 
Resistivity of electrolytes 122 
— — metals 119 

Resonance 82 

—, electric 153 

—, series 150 

Restoring force 79 
Roentgen 200 


Rotation of the plane of po- 
larisation 167, 181 

—, uniform 17 

—, uniformly accelerated 18 


Scale, centigrade (Celsius) 53 

—, Fahrenheit 53 

—, Réaumur 53 

Screw 40 

Second 17 

Second law, Newton's 25, 27 

Self-inductance 139 

Self-induction 139 

Semiconductors 117 

Sensitivity of the eye, relative 
brightness 158 

— -- photoconductive cell, 
specific 169 

— — photoelectric cell, in- 
tegral 169 

Series, the Balmer 192 

—, — Lyman 192 

—, — Paschen 192 

Shear 43 

— absolute 43 

—, relative (shearing strain) 43 

Shell, electron 190 

Skin efect (or surface effect) 
5 

Sound 82 

— pressure 86, 95 

Source, current (electric gen- 
erator) 110 

Sources of waves, coherent 163 

Spark gap 117, 133 

Specific gravity 26 

— heat 64, 67 

— — at constant pressure 54 

— — — — volume 54 

— —, mean (or average) 54, 65 

— —, true 54, 65 

Spectrum 171 

—, absorption 171 

—, continuous 171 

—, electromagnetic 156 
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Spectrum, emission 171, 182 

—, line 171 

— of mechanical 
92, 93 

— — radiation 170 

—, sound frequency 90 

Standard atmosphere 62. 74 

Statics of liquids and gases 47 

— — solid bodies 37 

Stilb 159 

Strain, longitudinal 42 

—, transverse 43 

Stress, allowed 47 

— of deformation 42 

Superconductivity 111 

Superconductors, transition 

с temperature of 120 
urface tension 71, 72 

System of bodies, closed 25 

ET elements, periodic 194, 


Systems of units, COSE; 
CGSM and SI 135, 205-206 


vibrations 


Temperature of body 53 

— coefficient of metals 119 

—, critical 56 

—, Curie (Curie point) 141, 146 

Theorem, Torricelli's 49 

Theory of elasticity 42 

Thermal electromotive force 
118, 193, 124, 133 

— expansion of solids and 
liquids 56 

Thermionic emission 116 

Thermoelectricity 11 

Third law, Newton's 24 

Threshold of audibility 86 

— — feeling 86 

—, photoelectric 168, 183 

Torque (or moment of force) 27 

Torsional rigidity 8! 

Trajectory 17 

Transfer of heat 58 


Types of spectra 170 

Ultimate stress (or breaking 
stress) 42, 44 

Ultrasonic vibrations 82 

Units of acceleration 18 

— — measure of physical 
quantities 203 

— — velocity | 


Vapour, saturated 56 

Velocity, average angular 20 

—, escape 22, 24, 75 

—, instantaneous angular 20 

—' of electromagnetic waves 
156 

__ — molecules, average 61 

— — —, the most probable 
62 

_ — —, root mean square 61 

— — non-uniform motion, 
average 18 

— — rotational 

linear 19 

— seismic waves 89 
L— sound 82, 87, 89 
— uniform motion 18 


motion, 


— rotation, angular 19 
vibration 83 

— — waves 83, 92 

Viscosity 49, 50-52 

Volt 100 


Wave 82 

cylindrical 83 
intensity of 86 
linearly polarised 167 
longitudinal 84 

plane 83 

sine 83 

spherical 83 
transverse 84 


4 Wavelength 83 


— of particle 192 
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Wavelengths of ultraviolet Windless 38 


region of spectrum 176 Work 26 
— — visible region of spec- Work function 116 

trum 176 — of current-carrying wire in 
Weber 136, 139 magnetic field 138 


Weight of body 38 
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